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ABSTRACT
I

This roport cnvers an investigation of a process to freeze-dry at increaed 5
?toc by wv~ing cordtra~ibli cazrrier vapora tUU trwistePr 1meVt to, frozen food pert4.-
0168 (LPCS pricems). About 21" cc-.=nnn foodr, wn-e successffully driud. OpLiwmi
pressuros are 3 to 15 mm Hg Q 130-15 0 0Y. A mixture of heptane isomers purified
with fuming sulfuric acid appoar; to ba the beust carrier fluid for lamge-Scale
work., but farwAtlon of a solid hydrate in the condenser is a complication. Dry-
ing times ranged from 2 to 6 hours, and can be affected greatly by proceasisg.
conditions.
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Earlier work by FKC Cor'oration had shown that the Low pressure Camrier

throig' a had cf partiulate foo at a total rpro'ur of $ to 1 m 1%,

* CAR tran f er bat to the food particle* aid4 swep away water vapor so
that 'tha fod apily freeze-dries, beds of food frm 3 inches to
12 inricha deep ht4 been frieew-dritd in ti eu between 2 and 4 hours.

Qr l~i wak wrrato var'ify thaza prcliminary reaultx; to
t investigate the vari blms, such as food typo and parcicle size. tepera-
r ture, pressure, stc4 to pr pae &amiple sufficiently larne for stability

and quality studieui to determine the desirable properties for a carrier
flid& and to study other factors affectl i  the process.i .

The r sults of saill-scale work showed that fooda low in sugar and suffi-
cie ntly permeable, such as diced mats, shrimp, and cooked vegetables,I
freeze-dry very well under the conditions of LPCS. Sliced strawberries
also freisa-aied satisfactorily at about 3 mm Hg, but at higher
prasures, (6 to amm H,,) they thawed and shrank.

Increasing the prossut fro 3 to 50 mm lci caused the drying rate of
cooked beef to increase at first, and than to level off, at about
15 mm Hg There may have bean a maximum rate at about 15 m Hg, but the
-easu t wore~ Wlinot sufficiently precise to verify this.

, t Haptla was used as a carrier fluid for moat of the work, but FC-75 (a
* , cyclic fluoroothr C8eP 1 6 0) and hexane were evaluated and appeared to be

satisfactory.1'14
SAny arhatic impurities in the haptarie were preferentially adzorb-d by

the dried food and imparted on undesirable tate, but it was found that
technical grade huptana, whia is a mixture of isoers aid has a consider-
able content of arcmatic impurities, can be adequately cleaned with fuing
sulfuric acid, to serve as a satisfactory and inexpensive carier fluid.

A pilot-scale apparatus wasn constructed an this ran very well, exceptI that thr unexpected formation of a solid hydrate of heptane and water in
the condenser, complicated the operation and limited the duration of the
runs. A modification in design could undoubtedly handle this problei if
another apparatus were built. Despite this difficulty, 1/2-to 4-pound
(dried weight) ample& of 9 foodt were freeze-dried.

An econroic analysis of the LPCS process, performed at the contractor's
f £own expezse, showed that on a lange scale, it could freeze-dry the foods

for which it is suitable at approkimately 15t to 20% lass mat than with
conventional vacuum free e-drying.

viii
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1 WITODUCTiON

A. Baqkground

Previous work by M 'orporit'un arxi ty ' -Weir (1, 2) den-tra. tratu
the tine to fruezo dry o Iod of part culute food can bo decreamed conzidor-
ably from that usually required by vacuum frvuze drying it an inert carrierga'a iB made to flow L~rough tar god uridrr pro~r conditionz tho stroci oZ

carrier gas will transfer the heat req'rud for sublimatlon to the frozen
food particles wnW will sweep water vapor away and so maintain a auffLciently
low pa-aal pr i 4f waWte adja jrat to t food. To Ir,..e dry In tAis
manner at oupheric prebsbux, the tempezature of thu -ariier gas can ony
be a very few degrees above the freezing point of the food if melting is not
to occur. By reducing the pressure of the carrier gas, however, water vapor
will dift.se through thu dried part of the food pieces more rapidly and
therefore gas at highex temperatare can contact the food without meltiLg it.
In this way a given amunt of carier gas can transfer more heat to the food
particles which therefore enables drying to take place xrch more rapidly at
these lower pressures. An pressure is lowered from atmosphtric down to the
range of 5 to 20 mm Hg, the thermal conductivity of the carrier is virtually
unaffected; but since the diffusivity of water vapor through the inert
carrier becomes much greater, high rates of frceze drying are possible in
this range of pressures. At pressures lower than these, the thermal conduc-
tivity of the carrier fluid and thus of thr crl.-d shell of food surrounding
the ice core decreases. ThLs is the prin.ripoe ol the LP03 process.

The LPCS process thus involves the circulation, deuatering, and reheating
of very large volumes of gas at taese low pressures. To cope with this

problem, Barth and co-workers '3) proposed the u-se of a condensible carrier
fluid so that the large volumes of gas or vapor could be generated by vapor-
izing a liquid ibove the bed and co densig the vapor after it had passed
through the bed and conveyed water vapor from it,

Since beds of diced meats loaded to more than 20 pounds per squ are foot had
been freeze dried in less than 4 hours by use of the condensible carrier,
the scheme shoved promise for freeze drying certain foods at considerablyleas coat th~n is presently tree casu. For thi reason, and because freeze
driod foods are so promising as zations for troops to carry in the field,

a proposal to purste this work fQrther was sabmitted to U. S. Arv? Natick
Laboratories.

This is the final report des:-ribing +e work carried out under the contract
resulting from the above proposal.

B. Objectives

The general objective of this contract was to investigate the freeze drying
of foods by use of a condensiblc carrier gas at low pressurs within the
range of I = to 200 =a Hg.

The program delineated by the contract entailed small scale trials with 15

or 20 common foods to assess the suitability of the LPCS method; an

1. .



I

i
investigation of process and operating variables to determine their affect

xnth ate o~f ilreai* diayiag .nd a..n the quality Qf the, .'eriltig pro4 uvtl
preparation of 10-potmd samples of dried foods by both the LPCS and con- I
ventional vacuum freeze drying processes for submission to U. S. Army Natick

Laboratories to use in their evaluation and storage studies; a study of
pcssible carrier fluids; and other pertinent factors which might arise from

the investigation, such as residues of carrier fluid in the dried food. I
'4

C, Work Acccoplishad

The objectives of the *mall scale work are believed to be fairly wall
accmplished, although a comprehensive investigation of the many parameters _
- a., ir~d was not possible within the scopc of the contract.

A pilot scale drying unit was made by modifying an existing apparatus and
it was designed to use heptane as a carrier since this fluid is cheap and
the rDA has already established tolerances for i . The use of heptanes,
while an advance over the previous work, gave rise to unexpected complica-
tions with the pilot scale apparatus which prevented the drying of as much
food as had been desired without exceeding the a-ailable funds. The
principsl difficulty Involved the formation of curdy suspended solids in
the condensed heptane. As a drying run progressed, these solids biilt up
in the aystem to the extent that they interfered with the circulation of
Carrier, Thus the amount of food that could be dried in a given batch and
the rate of circulation of carrier f3uid were less than had been anticipated;
anu the production of samples totaling several pounds was quite difficult.
However, with the experience gained in this work, it appears that suitable
equipment can be designed to cope with these solids (which seem to be a
hydrocarbon hydrats).

A second difficulty with the larger scale apparatus was that -ufficiently
large quantities of adequately pure heptane were not readily available.
A procsdure was developed to purify the heptane, so that it should be possible
to prepare sufficient fluid for any large scale unit.

D, Principal Conclusions

1. The LPCS process can rapidly and satisfactorily freeze dry particulate
foods whose melting temperatures are not too low and whose pore structure
is sufficiently permeable, This includes cooked, diced btef and chicken,
cooked shrimp, fish, leafy vegetables, and diced strawberries. Peaches,
apples, carrots, peas, and whole kernel co-n melted in the drier
(although the dried materials did rehydrate quite readily), so the process
is somewhat limited in the foods which it can freeze dry.

2, The drying rate increases with pressure, and it may passibly go through
a shallow maximum at 10 to 15 mm Hg for diced cooked beef,

3. The maximun pressur* is limited by either the lew pint of the carrier
fluid or by melting of the food.

4. Aromatic compounds must be thoum.'ghly removed from the carrier fluid, since
the dried food seems to adsorb them preferentially, and they impart a strong
unpleasant tasre to the food,

2
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E. PrelimInary Desipn and Economic Study

Although a design and economi6 study was not within the program set forth by
the contract, F1C Corporation, at its own expense, developed a preliminary
concept for a plant to freeze dry 2,000 pounds of food per hour by this
nroceas in ordr to --sas the pot.ntiai economics of LFCS, The results
of this work are briefly presented in this report (Appendix V).

The cost of freeze drying by LPCS is estimated to be 4.70 per pound of
water evaporated, On a comparable basis the estimate for conventional
vacuum freeze drying is 5.4t per pound. A large and continuous produc-
tion of suitable food , . diced chie, n) would be necessary to realizethis cost advantage, and at the present other factors, including insufficientdemand for such dehydrated foods, argue against ccmmercial use of the process.

F, Format of the Re

The principal topics covered by this report are treated in six separate and
fairly self-contained sections of which this Introduction is the first. The
detailed data and calculations are presented in the Appendix.

II, PRELIMINARY LPCS DRYING TESTS ON 20 COMMON FOODS

A, Small Scale Drying Apparatus

1, Figure I-I shows a flow sheet of the apparatus used for this part ofthe work. Figures 11-2 aad II-3 are photograpPs of the whole apparatus
and of the sample holder. Referring to Fig.ure I-1, the carrier liquid,which was normal heptane 1. 11 of this work, flows fro a storage can-
tainors through a rotamett , nd "ion to a needle valve where the flow
is regulated manually, The iqL ' Wass into the vapoizer which c -
sists of several feet of 3/8- copper tubing immersed in a constant
temperaturem water bath, kept at 15011 for these runs. Carrier vapor
at low pr-ssure then enter* the drying chamber, which in a 120 long
section of Pyrox pipe 41" in diameter, sealed at that am" with 3/80
aluminum plate. The vapor passes through the ample in the ample
holder inside the drying chamber, then from the bottm of the drying
chamber it goes to the condenser which in in turn connected to the
Vacuum ptm=p,

The top of the drying chamber and the vapor line into it are maintained
at 150oF by infrared lamps. A transparent plastic water jacket surond
the waLls of the drying chamber with hot water of the dosiroed temperature
circulating through it.

Pessure in the drying chamber in regulated manually by tktrottling the
vapor at the chamber's outlet. It i s thus necessary to keep the tompr-
eture of the condensing vessel below -106F or -206F to tha vapor pressur
of the condensed carier will be coniderably loes than the chmdh4r
prsoure The condenser is a stainless stool oxygen bottle about 1200,
in diameter by 161" high and it is immersed in propylene glycol and dry ie.

| | | | | | | | |1
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The sample holder is a transparent plastic cylinder 2" in diameter and
3" deep equipped with five double conductor lacks so that five thermo-

Ordinarily a 36 gauge copper-constantan thermocouple is plced abov2

the badt 3 are in the bad 4 the top, middle, and bottom, and one
thermocouple is below the bed. (See rigure 11-3.)

There is some uncertainty about the validity of the temperature measure-

ments. The couples above and particularly below the bed attempt to
measure temperature of the gas flowing past them but they aleto rcc=ive
radiation from tho war wills of the chamber. Fine wire and a reflective
junction of shiny solder were used to minimize radiation, therefore the
indicated temperatures of the gas entering and leaving the bed should be
reasonably accurate. Thermocouple junctions inside the bed are located
at the center of food particles in a hole made with a small awl and sealed
by a drop of water which is then quickly frozen. With small food particles#
such as kernels of corn and split peas, the particle temperatures recorded
are undoubtedly too high, since appreciable heat can conduct from the warm
gas flowing past the particle through the metal wire to the thermocouple
junction inside the particle. However, these particle temperatures as
measured are useful because they represent an upper limit, with the actual
temperature being lower than that indicated, and their variation with time
provides a guide to the course of the run.

To avoid developing an explosive mixture of gases in the system, a pressure
switch is connected to the bottcm of the drying chamber. If the absolute
pressure in the chamber rises above about 50 mm lig (or if the power fails)
the switch opens and stops the flow of heptane by closing the solenoid
valve in the carrier supply line. Opening the pressure switch also opens
the solenoid valve in the nitrogen supply and so purges the system.

2a The procedure for making a run is as follows:

a. The tared sample holder is loaded with frozen sample, quickly weighed,
and taken into the cold room. Hiere the thermocouples are arranged
and the sample is stored in a sealed container while the drying
apparatus is brought up to temperature and charged with a weighed
amount of carrier liquid.

b. The sample holder is placed in the drying chamber, the thermocouples
are connected, the top is placed on the chamber, and the apparatus is
quickly evacuated. When the pressure is less than one millimeter,
the flow of carrier is adjusted to its proper rate with the valve
downstream from the rotameter. At the same time the pressure in
the apparatus is regulated manually by the valve at the outlet of
the drying chamber, The flow of carrier and the pressure in the
chamber are carefully controlled during the course of a run.

a. When the temperatures throughout the sample have risen to that of the
vapor entering the chamber, the flow is stopped, the chamber is briefly
evacuated, and then the vacuum is broken with nitrogen.

.7i



F|

4. The ample is quickly transferred to a tared ample Jar whose cover
ia put loasely in place and the Jar is then evacuated in a deosic-
"tor, The vacua is broken with nitrogen, the desiccator is re-
evacuated and this ccl is repeated two or thro times to pure o

oxygen frm the ample container. Then the desiccator in opened,
the top is screwed tightly on the maple Jar, and it is weighed. I

1, Emitation of the Dried FoodsI

1. The appearance of ths driad sample is carefully noted when it is re-
moved from the drying chamber. If the particles are shrunken and
glazed, they have probably thawed during drying. In several cases
a run was terminated before drying was complete and the food was
quickly removed and examined to see if it had thawed. When the
centers" we found to be frazen, freeze drying was conclusively
demonstrated.

2. Moisture content of the dried sample was determined by observing the
loss of weight of an aliquot after sixteen hours at 1500F in a vacum
oven at about 50 a HS total pressure. Moisture in amples of undried
foods was determined in the same way.

3. Retention of water by the dried ample was determined by weighing dry,
imesing in water at 168 0F for either five or fifteen minutes, remov-
in the adhering moisture by blotting lightly with a paper towel, and
reweighng the wet sample. Results are reported as weight of water

Uabsorbed per unit weight of dried ample.

4, The samplas hydrated for five nd for fifteen minutes we" tasted by

two or tre people who commented on flavor, ooo, and consistency in
qualitativei tome,.

In several instances the taste test was obscured by the fact that the
drying and rehydration did not cook a ample sufficiently to do away
with an unfailiar raw flavor, Raw fish, mushroams, and broacoli were
three such cases, and this fact should be considered as Table 11-1 is
studied.

C. Source of Food mples

Since the preliminary work was designed to explore the behavior of fifteen
or twenty caron foods in this process, only readily available materials
were used. Samples were either frozen foods purchased from a local retail
market or they were fresh foods cut to the desired size and frozan haere.
Table I1-1 notes the preparation very briefly. The vegetables woer all
obtained in the frozen state, while the fruits, meatg and fish were pur-
chased fresh, cut and frozen quickly in this laboratory.

D, Presentation of Data

Table II-1 eimsrizee the results from the trials of twenty foods to determine
their behavior in this process. For most of the runs a nominal drying

SL
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toopwa~turia of 150OF was "satsd$ an the total pmesur* in the drying
chamber was 6 -m HS in most cases. The pressure drop through a ample-
dus e e [ low of Y5aiOE was quitsm1 .a nd neOflver moI.Iftad to aw-7 tII45
1/2 un-14 Mi-OU QepAh um-i h-M-M I varlned fllr l-"1/2fato 46 Table NI-1 stoia
toar sa ample a very brief dscription of its praparation, the rue vweber,
it* mwist&f oo.itet b~for iid after dryii%# the total. tiat i tba 4rliee*
nominal drif toipeatures and ohambar pressure, 7 he ample loading is
terms of pounds per square foot of bed croas section, the flow of carrier

* vaper in pounera per square foot of bed pw minute,~ the moista ratentim
of the awip~, a&M the ap~ftaiuato time that the am~ple was stored betwum

* drying and tasting a"e also given. Shrinkage anid appearance of the dried
#ample ame described and the flavors textures and odor of the rehydrated
&ample in noted#

There was never any signifioat difference betuten amples rehydratad ftv
five itinutea and those rehydrated for fifteen minutes, Oven though seVeral
of the" se arials thawed dur'ing drying# arid shrank considerably. The

* ahrunkei .inplea recovered their original shape to a coxiideaale extent

an being rehydrated. Figure N1-4 shows some of the dried foods.

beflhavior of Various Foods

1, Vegetables

a. Whl ~m on ibrraw or cooked, shrank somewhat on dryin
andwadlbtdl thwedbefreit was dry. Howar, the dry materile

semd to hydrate readily anid it save a product which had the taste
and consistency of ordinary frozen or canned cam,. Ths skin an a

carn kernel must impeda diffusion of water vapor to the outside
en uh so that temperatures above Its freezing po.int developed.,
Even at IW0F and 4 am N~g kernels shrank somewhat and apparently I
thawed. Only when the frazen kernels were cut in half before dry-

* in& did true freeze drying seem to takes place, These split kermels
dried with much less shrinkage anid the product had a better taste
and texture that any of the other Sinplas of corn.

b. The carrots also shrank on freeze drying anid they too hydrated

c, Chopped broccoli retained its green color, but the stesmr were o ahwkn
md cracked. Probably the flowers end leaves freeze dried but the
sems did wo

d. The chopped spinah freeidried very wllat 1500and 6 so gt

a. Fravh, ot green beans shrank an drying, but appaared to wabyett

* f, Cut gross Italift beans were quite shru.nkens with dark waxy areas
* which did not appear to rehydrate wll.
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g, The potatoes dried without shrinkinL and rehydrated very wall, I
h. Fresh m6shrooms were cut and frozen. The thick pert of the samples

shrank to some extent, but the product appeared to rehydrato readily.

i. Peas wedr *plit in the frozen state before drying, Co drying the
inside appeared to have shrunk away from the skin a little bit and
w" for the no t part light colo'ed aiid quite porous. However,
many half peas had a dark green, waxy area under the skin amounting
to 10 to 20% of their volume on the side opposite the open face,
and uwe egained drmanification, hi dark rnwtla
had obviously shrunk excessively and thawed before it dried. Vety
little shrinkage was evident on the cooked peas. The raw peas had
the texture of cooked peas on rehydration and they tasted very good.
The consistency and flavor of the cooked peas was rather drab and
they samad to be over-cooked.

2. Fruits

a. Strawberries at 1300 and 3.5 m Hg seemed to freze dry quite satis-
factorily. These were the same sliced IQF strawb4rries that were
used in the later largier scale runs and were supplied by a company
which was freeze drying them. When the chamber pressure was raised
to 8 mm It, heptane was seen to condense on the fruit so that the
fruit temperature must have been about 200 (vapor pressure of hepta"
at 20o is approximately 8 mm). At this temperature the fruit would
be partially thawed.

b. Apple& at 150 0 and 3.5 mm Hg shrank badly and obviously thawed during
drying. However, they did rehydrate readily to a rather soggy state
having a very pleasant taste and odor. The dried material might very

W6l1 be a satisfactory product.

C. Pars behaved quite similarly to the apples.

d. Quite a few attempts were made to freeze dry peaches and they were
all unsuccesuful. Fresh peaches cut into cubeas quick frozen, and
dried in this apparatus shrank badly and obviously melted. Again
however, the dried product rehydrated readily to give a material
having somewhat the consistency of stoewed fruit and a vtry pleasant
taste,

Peaches purchased for the larger scale runs, Rio Osa Gaza, slioed,
sulfited, treated with ascorbic acid and IQr frozen also shrank
badly in every case, Under the mildest conditions possible with
this LPCS apparatus (1000 and 3.5 mm Hg) and even with vacuum
freeze drying at 1000 and 50 microns these samples malted and
shrank, so the poor results are quite likely the fault of the
sample itself, Thawing and refreezing before drying raduaad the
shrinkage and sesmed to improve the product even though the product
was shrunken enough so that drying had obviously not occurred ftra
the solid state.
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Seveal different sinples cut or ground to various aiz-- ora d, &;'d
at 6 M 8 and 150' to give products that rehydratod readily and
had a good flavor and aasistnoy. However, pieces lisgor than
./. or 3/8 inch were dark rod &ad Choken on the inside even
thou'gh the outside of the piece retained its original size and
the surface the iuside of the particle thawed.

b, Beef, cooked

The several smplas of cooked beef apparently freeze dried satis-
factorily by the LPCS procedure. The fat appeared to have malted
however, and in some cases it soaked into the dried meat to goma
extent. Furthemore, the foreign taste suggestive of a hydrocarbon
las apparent in many of the samples.

c. Chicken, cooked i white meat I
This material gave every indication of truly freeze drying and ofbeqin a stislfactory product with the possible exception of a
foreign taste due to absorption of carrier fluid.

d, Chicken, cooked, dark meat

This mat also freeze dried by the LPCS method but again the fat
tended to melt into the dry meat. No off taste was observed in the
dried dark meat.

4. rish

a, hes raeed and shrank slightly on drying but the

These darkened considerably
product rehydrated readily and tasted very good,

Sb. Shrimp, cooked, pooled

Those gave every indication of freeze drying very well and the
i [ pr'oduct had exellent taste and consistency,

c, Halibut, raw

True freeze drying occurred with LPCS and the product appeared to
be satisfactory although it was rather tough. Insufficient cooking
may have ben responsible for the toughness.

d Rock cod

No shrinkage was evident.
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Thim materiel froeze dried satisfactorily but it did retain r her fiohy odor" which seemed to be pt-. ticulal =-, p¢_'_tin.-
the streaks of dark most.

To an riza tie results from theose praliminary trials the LPCS %roesdur
freeze dried cooked beef, chicken, fish and shrimp at 1500 and 6 mo Hg
without any melting, but raw beef thawed if the pieces were larger than
abvut 1/4 inch.

Among vegetables only the leafy ones suth as spinach and broccoli or those
with rather a coarse structure like potatoes freeze dried, The ikins of
corn kernels, peas, and the dense call structure of carrots impede the
diffusion of water vapor from inside the sample to the extent that the
partial pressure of water gets high enough for melting to occur.SAmong fruits, only strawberrids freeze dried and all the other samples
shrank badly. However the , e dried shrunken fruits had an open enough
structure to rehydrate readily and give products that might very well
be satisfactory,

III. PROCESS AND OPERATING VARIABLES

A, Measureiment of Drying Rate

Since the rate or time of freeze drying is the princip,.I dependent variable
of interest considerable effort was devoted to making this measurmant in
a stream of carrier gas and at low pressur-e, Two methods were evolved.
The first measured the drying rate directly from the dew point of water in
the carrier vapor; the second followed the weight of the sample as a func-
tion of time, and this proved to be the most useful and expedient of the
two procedures,

1. Drying Kate From the Dew Point of Water

To follow the drying rate, the dew (or frost) point of water in the gas
leaving the drying chamber can be determined. Figure I-1 shows the
installation of the dew point tester (Canco No. 35210). By having the

pressure in the dew point chamber slightly below that in the drying
chamber As indicated by an oil manometer (DPI 2) some of the vapor*
flow past the mirror in the dew point unit. The mirror is slowly
cooled by liquid carbon dioxide and it is so arranged that a thermometer
indicates the temperature of its sur"ace. The temperature at which
small ice crystals are first seen to form on the mirror is taken at the
dew point of water.

With a noncondensable carier gas it is quite *ay to measure the dew
point of water down to temperatures is low as -6D0°, but with heptane
condensing at about 10OF (under five to six millimeters of mercury)
it is much more difficult to sea when water first crystalizes. However,
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reliable results appear to be possible by mounting a microscope to
observe the mirror at five to ten magnifications and by cementing
a very small boiling chip on to the mirror to nucleate the water
vapor when it becomes saturated, Condensation of water is indicated
by a stream of droplets or ice crystals falling from the nucleating
site, through the film of heptane coating the mirror. From the dew
point of the moisture, the partial pressure of water vapor leaving
the drying chamber can be determined, and knowing the total pressure
and rate of flow of carrier vapor (which is practically the only other
gas present) the rate of flow of water can be calculated. This is the
drying rate, if the carrier entering the system contains no water.
Table III-1 shows a sample calculation and the results from one run.

In Table III-1 the instantaneous drying rates seem somewhat higher
than they should be from the over all average rate based on the weight
loss of the sample. Lack of precision in measuring both the flow of
vapor and the pressure in the sample chamber are likely causes of this
discrepancy.

It is interesting to compare this drying rate with that calculated
from the drop in temperature of the carrier gas flowing through the
bed. If the change in enthalpy of the water vapor all comes from
"sensible heat" in the carrier gas:

a. Heat capacity of heptane vapor - .42 BTU/#-°F

b. Flow of heptane - 22 grams/minute

c. AH of water from ice at 300 to vapor at 1500 = 1272 BT1J/#

d. Temperature drop of heptane through bed at 20 minute time - 660F

e. Drying rate = 22 (.42) 66 .48 gms. water/minute
1'221

This compares to .57 grams per minute from the dew point measurement.

2. Drying rate from loss in weight

A simple means was devised to follow the weight of a sample as it dried

under LPCS conditions. A glass tube loaded with lead shot in one end
floated vertically in a larger tube containing concentrated sulphuric
acid. The sample of frozen food was sipported on a screen mounted at
the top of the floating glass tube. With this assembly (see Figure
III-1) contained in the four inch LPCS apparatus, the loss in weight
of the sample could be followed as it dried by noting the vertical
position of the floating tube with a cathetometer, The float was
calibrated between runs to relate its position to sample weight. The
plastic screen which supported the sample was about 2-1/4" OD, and the
funnel above it from which the carrier vapors . re directed on to the
sample had a throat diameter of 1-1/2".

The current of carrier vapor impinging on the sample caused the floating
tube to oscillate slowly up and down, but the rather viscous liquid
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TABLE 'x-1

DRYING RATE DATA

Run 47. Fish, Rock Cod, raw, 1/2" cubes, *pprocimae,

Total time - 195 min. J
Water evaporated - 27.9 giw w Zrco 37.7 grm sample#

Flow of Heptane, fram rotameter, 32 co/mn or .218 gm mole/min.

Total pressure - 6.0 m fg.

Ap ** Partial Pressure Pressure in Hole fraction DryiAn*
Time Dew Pt. mm oil of Water Dew Pt. Chamber of Water Rate
Hin. oF, (SC .8) mm, Hg Ng Vapomr gm/mn

20 -5 5 .73 5,7 .128 .57

45 -10 3 .55 5.8 .097 .42

100 -18 4 .36 5.8 .062 .26

120 -19 4 .34 5,8 .059 t24

135 -20 4.32 5.8 .055 .23

150 -25 4 .24 5.I .041 .17

170 -40 4 .10 5.8 .017 .07

* Drying rate at 45 minutes

(Total moles/mmt.) (mol. wt, H20) (mol. fraction H20)

0218 (18) (0.097) = 0.42 gms water evap./mia.

** Pressure difference between bottom of drying chamber and
dew point apparatus.

Average drying rate, overall (27.9 A water)/195 min.

0.143
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damped these oscillations and kept the frequency and aplitude low
enough so that the cathatometer could readily observe the peak of
each oscillation to within ,Ob millimeters, This apparatus provided
a simple and reliable means to measure the weight of a seupw inside
the *r iosiag chamber &M in the praeance of a steaml of cai.er,
vapor. i4 princip! ,disadvantage was that high flows of vapor
caused excessive oscillation atd it was necessary to use a carrierI!
flow such that a 7 gram sample losing weight by evaporation at 1% pw
minute would cause the average temperature of the vapor to decreaseabout 250F. Thus the temperatur-e to which a sampl dring "pidly
was exposed was somewhat les than that of one drying more slowly,
and this tended to compress the observed drying rates.

The drying rate turned out to be very nearly constant for the first
25 to 50 per cent loss in weight; and therefore, the slope of this
linear portion of the weight time plot was taken as the drying rate
end expressed as per cent loss of total sample weight per minute,
A computer program was prepared to calculate the least quare slope
of the weight-time data over the portion of the date taken to be
linear. The 95 per cent confidence limits of this alope are a musme
of the precision of the weight determinations and of the approsih to
a c ostant rate. Appendix IV presents these data as the computer pseo
pared them, Figure 111-2 shows a weight-time plot for Run 158 whic
was typical, with the calculated straight line drawn through those
points from which its slope was deteromined,

The intention in designing this apparatus was to make the flow of mrrew
vapor sufficiently large so that its change in temperature weld be
negligible and the sample would therefore dry under constant oonditiess.
However, it turned out that excessive flows of carrier fluid caused too
much o cillation and the sensitivity of the cathetometer was owh that
the precisice of the weight deatrination suffered for emplee l" Uer
than about 3 gr=. The first work with this apparatus uwee lmplee of
7 Irs and the later runs used 3 gram samples.

The drying rLte was very nearly constant in every case until the ample
loot from 25 to as much as 50 per cent of its weight. This initially
contant rate was particularly apparent with the 7 ram &mple., ?U.
reason foir this behavior (and incidentally this constant iantial drng
rate in quite common in freeze drying) has been given considerable
thought. In drying liquid water from porou materials the constant rete
L& generally thought to be caused by flow of water through the capilly
structure of the solid to its outside surface, but in fros drying the
acistwre Is not free to move.

If d4igri *aconsiderable portion of the drying cycle the theml mist-
&ee of the dried shall of food around the ice core is rmll compared to
the resistance to transfer of heat through the boundary layer sur',oandivj
the particle, the drying rate would be conatant. Acordingly the moel
propeeed by Ginnatte and co-workera (4) whereby th dryLn mts is
€stemird by the transfer of heat from the surroundings threoh tb._
boum" layer of a spherical food particle, then tbrvo h the bri"
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shell around the ice core was used. Trom this model the drying time cm
be ihown to equall

T is the constant temperature of the gas stream, T the temperature of
the ice core, A the change in enthalpy of water from ica to vapo, A#the changa in danuity of the food m- and af d7img ro the radius

of a spherical food larticls, k is the thermal conductivity of the dried
food, and h is the film coefficient for transfer of heat th h the
boundary layer, Also0 y is the fraction of moisture re"maining in the
sample at time 0. The princip ", assumptien involved in this derivation
is that (Tp - T) is constant and since Tp is approximately 1500 and T
only varies between 150 and 30OF the assumption seems Justified. Appendix
II-A shows the derivation of the above expression in detail. It is
interesting to note that if ro is taken as half of the edge distance of
a cubicle food particle the same expression results.

By trying various ratios of h to k/ro a value was found which gave the
calculated points shown in Figure 111-2. The experimental point at 23
minutes was used to evaluate the constant and the value of 6 was used for
h/k/ro. If k is equal to .020 BWI/ (OF - hour - foot), estimated Era
Harper's work (5) and using 3/8" cubes, the film coefficient h turns
out to be 8 BTU/ (hour-square foot -OF). This compaLres to a value of
3.2 calculated from a generalized correlation in Appendix I-D.

In figure 111-2 the agreement between experimental and calculated poInts
is good except during the first 10 to 15 minutes of the drying pariod,
and it may be that the disturbances caused by starting the apparatus
persisted for this long.

At any rata, boundary layer resistance to the tramfer of heat from the
gas stream to the ice core must be significant for food Marticl"s of this
size. Initially Figure 111-2 shows the calculated rate to be higher than
the experimental one, which could be caused by the sampla being colder
at first than the Ice core temperature which developed as the drying
proceeded. If the samples started out saoewhat colder than the steady
state drying temperature, then the rate of drying while selmr initially
would not tend to fall off sharply as drying proceeded citie the co ew
temperature would be rising to its steady state value. This could be the
course of events which Figure 111-2 shows for Run 158, Thnz the constant
initial rate may be caused by two offsetting effects: first the very almly
deare"ing rate initially due to the thermal resistance of the boundary
layer and second the tendency of the rising ite core teiwature to in-
croa the drying rate.

It siht be well to point out that where the thermal resistance of the
boundary layer is negligible, the ice core temperature should be cost"at
as drying poeeds, but when Too the temperature of the steide particle,
rise during drying, the ice core should slowly inesie in tmp ture
aleo, Appendix 1I-C gives the detailed reasoning oan w these tate-
ments ar based, Therefore in the runs discussed hers t inside
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tmptl; re deterAined by the steady state transfer of heat to the ice
ewe" ian diffuiio of water vapor *way fro it should slowly increase
as dryift proceeds. i
it it ziwo worthwhile to note %1hat tha filia Qoeaiiett hq for heat
trasfer through the boundary layer eurrouding' theae partiolas should -

* be independent of pres;ure a4n cly weaaly d pendent oa temperature
(see Appendix 1i-D). For both laminar and turbulent flow, the film

coefficient dapenda primarily on the heat capacity of the fluid and
-iz ma" v%!=Lty, "~h ot" whih a" ooxtant with prete it the
mass flow rate does not vary* The film coefficient would be propor-
tional to the mase velocity (sass flow per unit time per unit area)
to the .7 poer which is in turn the product of the density and theI average velocity.

Zixcept wher.' noted all the weight-tine drying runs reported here used
a flow of 11 cc per minute of liquid heptanr and thus the ass velocity
was the asa for all the pressures and tmperatur's, and the film co-
efficient should have been very nearly the same in every run, If 11
cc per minute of liquid heptane (measured as liquid) flows as vapor in
a jet 1-1/2" in dimeter an shown in Figure III-1 past 3/8" particles,
the Reynolds nmber would be about 1501 and this is in the uppor range
for lasi ar flow (6).

Frm the above analysis of the weight-time data to be presented hame
the use of rate based on the slope of the initial straight line por-
tion of the plot may appear somewhat questionable. Therefore drying
rates are also reported based on the slopes of the weight-time plots
at a point where 60% of the water has evaporated and where the insulat-
ing dried shall of material surrounding the ice core should be well
developed. In this way the drying rat& become& more dependent cc the
propertie of the dried food and of the gasees filling its pores and
somewhat less dependent on its external contact with the carrier gas
str w, However, either aethod of determining tha drying rate leads
to the ewe conclusions, as doe the drying time which is arbitrarily
taken to be the time r4quired to reach the final constant weight for
15 minutes, i

3, Flow of Carrier Vapor

1. Functions of the Carrier Vapor

IThe carrier vapor prfoms three principal functionst

a. It increases the effective themal conductivity of the dried food
surrounding the ice core of a particle.

b, It sweops water away frm the outside of the drying particles.

c, It transfer heat by convection to the particles.

The work of Harper (5) has shown that pressures of 2 to 5 I HS of heavier
gasses ae required to significantly increase the thermal conductivity of
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freest-dried foods over what they are at esentially zero pressure.
One of the most worthwhile function* of the carrier vapor is to raise
the thermal conductivity of this insulating layer so that heat can be
trarsferred fester to th- ice core.

Since water vapor diffusai frio the ice core to the outside of a dr.-
in& food particle by means of a gradient in it. partial preassure-, t1h
partial presur of watir vapor surrounding the food p4rticle must
be kept low, actually well below the equilibrium value corrapanding
to the maximum ice core temperature for the food uMdr considrmatic
This tsparaui way very from 3W'IF down to 0 or below for food with
a high sugar content, Therefore the partial pressue of water vapOr
surrounding the food particle must be less than about 1 millimete" for
effective drying to take place.

A fourth effect of the carrier fluid might be mentioned - izpading the
diffusion of water vapor from the ice core to the outside of the food
particle, This mass transfer must take place by molecular diffuuion
and it must be rapid enough to provent the pressure of water at the
ice core from exceeding that corresponding to equilibrium at the
temperature of fusion.

If the total pressure is 5 millimeters and the maxlmtsn partial pressure
of water is 1 millimeter, the flow of carrier must be at least four
times that of water vapor leaving the apparatus (on a molal basis),

If the carrier vapor supplies sensible heat to the food particles, the
mount of heat transferred by convection is a function of carriar flow.
For instance, if the carrier Is heptane and its temperature decreases
1006F in flowing through a bed of food, akotet 5.8 moles of carrier will
be needed for every mole of water evaporated. Since a temperature drop
of lO0OF is large and mor flow would he needed for a lower temperature
drop, the minimum flow of carrier is most likely to be dictated by the
need to carry heat to a bed of drying food. Thus, the flow of carrier
fluid can only be minimizad if it is somehow reheated as it passes
through a bed of food.

2. Effect of Carier Flow on Drying Rate

Carrier flow affects the drying rate in two waysi

a. By transfer of heat to the bed of food.

b. By the heat transfer characteristics of the boundary layer of gS"
surrounding each food particle.

It has already been shown that the boundary layer resistance to heat
tremfer is likely to be very 4nificant for food partlclee und r
a&owt 1/2 11 and also that this reistance IQ independent of pressure
at a given mass flow rate, but that It varies inversely as the .7
p er of the mass velocity (fluid density timee its average *&looity).
ThUs, the dr-ing rate mhould increase -lgnificantly with the mAss flOW
of cawlier if all othar conditions are held the &e. Table 111-2
show the initial drying rate for several different ms flow
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I
rates of heptane past 3 gram samples in the weight-tima apparatus.
The increase in drying rate is much lees than might be expected and
the probable reason is that radiation contributes significantly to the
transfer of heat to the outaide of the particle in this appa*rtu. I

i ror a 3/R" cut-- drying at 'I% paii winuts about 40i of the heat should i

be transferred to it by radiatiOn if Its external tompersturt is 304F,Ii
The actual external twperatura is probably quite a bit vhova this but
the intiL4nc4 of radiation iz nav4rtheles probably sigfioant.

in a b ed of food over i or 2 inches deep the surface available to

az"p#t hoat i. firrrd by radilaon would be small and it would be
neceasary to transfer practically all of the heat by convection.

C. Depth of od

The principal influence of bed depth on drying rate is In its effect on
the exchange of heat and mass between the food and carrier fluid. A deeper
bed allows the carrier to transfer a larger amount of sensible heat to the
food and to become more nearly saturated with water vapor and the price for
this better mass ard heat transfer is of course paid in drying time. All
the food in a bed must be exposed to the drying conditions until the botto
or the last piece of food is dried.

It is theoretically possible for the carrier fluid to approach a steady
state "waet bulb" temperature if it is to flow through a deep enough bed
of frozen food so the temperature of the vapor approaches that of the
food. If the food is not to thaw at this temperature the flow of vapor
must be sufficient to keep the partial pressure of water vapor below the
saturation presrure at the desired freezing point of the food.

In an actual case the maximum temperature drop of the vapor flowing through
a given bed is a function of the flow rate , particle size, and bed depth,
and in none of this experimental work was the bed sufficiently deep far the
temperature of the carrier fluid to approach that of the food.

Figure 111-3 shows a typical temperature recordig. (Run 72) for a bed
of 1/4" fish diaes, 3" deep. Here the carrier temperature going into the
bed Is about 1400 while the temperature of the vapor leaving the bed ris
from 5041 to almost 1400 as the drying precede. The temperature inside un-
dried food particles stays below the freezing point until the food pieces
are prac tcally dry, In sigue dri-3 the indicated temperatures of the food

particles very quickly rise above 30 0 F, but these are undoubtedly too high
since the ther ocouple wire can conduct heat into the junction when the
temperature varies sharply along the wire. In every instance where pieces
of partially dried fish were examined, their ice core was found to be well
frozen even though particle temperatures indicated were much higher than
300,

It should be bmphasized that the thermal history of particles varies with
their position in the bed. Those at the top of the bed are dried first
and are then e'-posed to the carrier gas temperature until the bottom plecas
ar dried, Pieces on the bottom are exposed to gradually increasing carriertoempertue a they dry','
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b. Size and Shape of Food Pieces

For the transfer of heat and mass through the dried shell of food surround-
ig the i-.e core, the drying rate is inversely proportional to the radius
squa,d fop sphaical particles (see Appendix I-A). On the other hand,
the rates of heat and mass transfer through the boundary layer are inversely
proportional to the radius alone. Therefore the actual over all rate varies
approximately as one over the radius to a power somewhat less than 2.

In the various apparatus used in this work, however, faster drying cooled
the carrier gas to a greater extent and therefore the driving force for
transferring heat or mass was lower at higher drying rates or for smaller
particles and this effect would tend to reduce the observed influence of
particle i on the dying rate. Fiur & 1-r and -5 and Table ie-3
show the influence of particle size on the dr-ing ratue for fish, raw beef,
peas, corn and strawberries, As would be expected the drying rates were
higher for smaller particles and the drying times were shorter. The data
in Figures 111-4 and 111-5 were calculated from dew point measurements and
those in Table 111-3 from the weight-time plots.

Obviously, as particle size increases, the internal resistance to the transfer
of heat and mass outweighs the resistance of the boundary layer, but below 1/2"
the boundary layer resistance appears appreciable,

The structure of the larger pieces of dried beef was rather peculiar in that
the outer millimeter or so was very porous and had definitely freeze dried,
while the centers of the particles appeaied to have thawed before they dried,
as there were large voids in the tissues and the meat fibers had a shrunken,

congealed appearance. Here the temperature at the canter of the particle
must very definitely have increased as the drying progressed. The smallest
piece& (1/4" cubes) of raw beef appeared to have dried completely from the
frozen state.

All the fish samples freeze dried without difficulty, as indicated by the
lack of shrinkage in the dried product and also by the fact that the ice
cores were well frozen in several samples which were interrupted before
drying was complete,

Peas and corn, however, presented complications in freeze drying. Peas,
which had been merely scarified by cutting their skin definitely thawed
before they were completely dry at 1500 and 6 millimeters. Cutting the
peas in half reduced the extent of thawing considerably and those that
were crushed before freeze drying gave no evidence of thawing.

Whole kernel corn, as cut from the cob, also thawed while drying although
the product rehydrated quite readily. Cutting the kernels In half, however,
gave a dried product which had shrunken very little inside the skin. Thus
with foods enclosed by a skin such as peas and whole kernel corn, it appears
necessary to provide a large opening in the skin by cutting the particle
in half to allow the water vapor to diffuse out without building up a
partial pressure sufficient to cause fusion.
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L. £f".cCt of tho Carrier cnpcroto heft thI

I Obviously, the higher tUe temperare 4f ti.e (arrier vapur astr e
drying rate, but the temperatur ,. i d Liy ,'.hr ttat ,hro the food
i± scorched or where the ice corc trlit,

If heat Is transferred to the fro6zeri particle moz-e rapidly. water vapor is
fevolved more rapidly and for this Cifi5e thrLu%6 the dried layers of

food, the driving force or partial pressure .f water vapor next to the ice
core =st iAse. IZ tho partial precsure of uatx- vapor gets above about

4 Hg, tHe# fo-d melts; (if its fusior p,.st is $0 F) so at given con-
ditions the temperature of the car Jar vapor may be limited by the tendency
of the LVOe to malt. The drying rate for a spherioal food particle as
calculated tra mass transfer is-

I-if,
and as calculated from heat transfer considerations the drying rate is:

-__ _ _ _/

These expvessions are derived in Appt nJ _ZA at nd a e ssio
for the mass transfer assumes ttat the par'l pressture -f the carrier is
several times that of water vapor. *bt Aie temperatur-e of the ice core
is fairly steady these expressions can h6 eq'p;ted to give the following:

4.

If the two term in brackrt. are c:,.c '7. eW t, eac, r t hen. the ratio
of the temperature difference aa td t pr.-m..: difference shoid be constant
and therefore the ice core tempetaue shoild bt constant as y varies or as

C: drying proceeds (see Appendix IT-C). iowevtr, there is no reason why the
bracketed terms should be eq'.al a pr.'p Atisr and it. general they would
not be, so therefore the ice core teaperatire can be e~pected to vary some- 4
that as drying proceeds.

The effective diffusivity of the dried fLazd, D, wauld depend to a consider-
able extent on the distribtion of ro e sizes wereas the thermal conductivity,
k, would be a function of the porosity but should not be greatly affected by 5

the size of the pores. Since the effect of the carrier vapor is to increase
k and decrease D, food is muct .-)re likely t,, malt then being freeze dried
with the carrier gas than it i in normal vacuum freeze drying. In vacuum
freeze drying water moves out of tie feod by bulk flow whereas in the LPCS
process water is transported by m=lecular diftsaion, and for a given rats of
mass transfer or drying rate this reqwOres a larger driving force and there-
fore a larger pressure of water vapor adjacen to the ite core.

[ 140I



I

Therefore products needing particularly low ics core temperatues are not
suitable for the LPCS process. Fnr example, peaches, with a high sugar
contentt and also those foods -ith a p - t-u--u- of low prmeability
such as carrots would be unsuitable for this procesa. I

F. Effect of Pressure

In the orgivl LPCS conc*pt (UMC proposal No. P-2027) the drying rate was
postulated to be a maximum at about 10 millimeters of mercury. The thermal
conductivity of an ideal gas is independent of pressure but the contribution
of a permeating gas to the thermal conductivity of a porous solid is negligi-
ble if the pore size averages much below the mean free path of the gas.
Thus the gas pressure must build up to the point wher, its mean free path
is significantly less than the average pore size before the gas can con-
tribute , the conduction of heat through a solid, and with a wide variety
of gasses thIs build up occurs at pressures between from 1 to 10 millimeters
(5).

Likewise the diffunivity of an ideal gas is inversely proportional to the
pressure, but the mean free path must be quite a bit less than the pore
size before the carrier gas will interfere with diffusion of water vapor
through a porous food particle. Thus there should be an inert or carrier
gas pressure such that the thermal conductivity has been raised significantly
over its value in vacuun, and yet not so high that the diffusivity of water
vapor has been unduly reduced. This optimum pressure is in the range of 5
to 15 millimeters.

As pressure increases, however, two other considerations arise which may make
it impossible to attain the maximum. First, as pressure and therefore the
thermal conductivity of the dried food rises, heat is transferred to the Ice
core more rapidly, and moisture must diffuse more rapidly from ito, both of
which cause the ice core temperature to rise; and if it goes above the point
where significant fusion occurs, freeze drying will no longer take place.
The second consideration, with a condensible carrier vapor, is that the
pressure may r.se to the point where carrier vapor will condense on the
ice core of the food. For instance, at 300F the vapor pressure of normal
haptans is about 11 millimeters, and that of water is about 4 millimeterel
so that with a total pressure over 15 mm Hg either heptane should condense
on the ice core or the temperature of the ice core will rise above 30oF
thus thawing the food.

At a total pressure of 8 millimeters, heptane was observed to condense on a
freeze-drying strawberry. Due to their high sugar content, strawberries
thaw at temperatures considerably below 30F and apparently where heptane
would condense at 8 millimeters. The strawberries subsequently thawed,
during drying,

Drying rates were determined over a wide range of pressures with 1/4 to 3/8"
cubes of lean, cooked beef in an effort to verify the optimum drying rate
experimentally, Table 111-4 and Figures 111-6 and III-7 show the results
of this effort. Approximately 3 gram samples of the cooked beef, which
included 5 or 6 dices, were dried in the weight-time apparatus described
previously. Drying rates, when 60% of the moisture had been evaporated,
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i and frnm th, init.il e-ntant rate of drying, arr tabulated in Table 111-4;

and while th!re is onsi-prablo scatter in th rsults, increased pressure

does raise th, rate of drying. Likewise) the drying times tabulated in

Table !YT-hj which Ar- th, times tquired to attain a constant final weight
fnr 15 minutes, g,%nerally decraSa with rising pressure. Uncertaintios in

th m aaurcrmnts bcur- an rptimum pressure' although Figures 111-6 and
III-7 my pre bhy how a maximum in thu diyin ratc ate I ilinter .

The effect of temperature is also not ahown clearly by Figures 111-6 and

111-7, althgugh ja t.-;;ptea tUe ra"- doca a1+rta b44i g;iraOly blh
for the higher tutaperatures.

Probably the main reason for such poor reproducibility in these drying rate
measurementa is that the shape and size of the diced beef particles varied
sowewhat, and since only 5 or 6 particlue were used in a drying run, the
actual iurface exposed to the drying atmosphere, as well as the texture of
individual pieces was quite variable. Another source of error was the ten-
dency of the floating tube in the drying apparatus to stick to the sides of
the tube in which it floated. The apparatus was usually tapped before taking
a reading to cause the float to assume its equilibrium position; but in the
final stages of drying when the change in -eight was very small the effect of
this sticking may have been appreciable, and this is suggested by the fact
that the moisture content indicated by the drying apparatus was generally
lower than that determined by weighing the sample in and out (see Table 111-4).

The detailed data from which Table 1II .4 and Figures 111-6 and 111-7 were
prepared are presented in Appendix IV

The fact that heptanc should condense on a frozen food particle if the
pressure exceeded 15 millimeters has been noted. However . at 15 millimeters
no condensation was observed. and it 1i.i not seem to occtr even at 19
illimeters. The reason for this may bc that the heptane uged, which was

of reagent gradef was actually a different isomer than that for which
data were published (8). This material was a pure isomer as indicated by a
single clearly defined peak on a gas chromatograph; and it apparently had a
higher vapor pressure than the value cited from heptane in the literature.
For example, at 6 millimatej-s normal heptane should have a dewpoint of 150F,
but in the dew point measurements, it was not observed to condense until the
temperature had been lowered to 8 or 100F, so that this particular heptane
appears to be more volatile than that for which the data are given.

In an effort to extend the drying measurements to higher pressures where
heptane would undoubtedly condense, several x-,i were made using hexane
as a carrier fluid. Table Ill-h shows theae results for pressures of 8 to
50 millimeters, and strangely enough, pressure had very little effect on the
drying rate over this range. Actually, Harpers calculations as shown in
FMC-CL Proposal #P2027 (7, 9) show a very flat maximum in the drying rate
as a function of pressure and these data are probably not sufficiently
precise to show a maimum effect conclusively.

The quality of the beef freeze dried under all these conditions appeared to
be reasonably good. The cooked beef gave every indication of having freeze
dried in every case, but the dried samples may have shown somewhat better
water retcntion at the lower pressures. Table I1-5 shows some data for
these samples.

LI



EVALUATION OF C00KED BMF DRIED BY LPCS

RETrNTION
PRESS. MOISTURE Sms,.2o/ TASTE

Run Carrior TmeP. m N 100 gIm,

.164 HEPTANE 1200 10 7.0 95 Fair to good

165 1200 15 4,6 60 Fair

166 1200 15 5.8 81 Fair

158 1500 5 1.0 89 Good

157 1500 10 2.9 110 Fair - tough

156 1500 15 2,8 54 Fair - tough

159 1500 15 3.3 106 Foreign Taste - bad

160 1500 15 1.8 123 Slight foreign taste

138 " 1700 10 )Fair - Foreign
)

137 t 1700 15 ) taste

144 HEXANE 1500 8 94 Fair

142 15 81 Very good

147 20 6. Good

146 30 80 Fair

143 i 50 68 Good
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The procurement of suitablc foods entailed cnnsilerablc difficulty becauze
they had to be purchased in the fall and early winte~r after the processing
season had finished. Table IV-l describes the materials fi a lly obtained.

It would have been preferable to have used corn and peas which had been
scarified and sulfited before being frozen (IQU). The use of unsulfited

peas and the thawing, sulfiting, and refreezing of corn were less desirable
t r"uarori male necesary by the circumstances.

The peaches had apparently been picked before they were fully ripe since

they shrank badly at every attempt to freeze dry them. Fruit thaws at a
low temperature, perhaps below O°F, due to its high content of dissolved
sugars; and the fruit structure cannot be very permeable since the partial

pressure of water vapor inside oan build up quite readily to the point
where thairing takes place. Because mature fruit fr'eze dries better than
green fruit, the structure must become more permeable on ripening.

B. Preparation of Control Batches of Food by Vacuum Freeze Drying

For comparison with foods dried ty tae LPCS procedure, samples of the same

materials were freeze dried in the conventional manner under very- conserva-

tive (low temperature, low pressure) conditions. Table IV-2 describes the
various vacum drying runs.

The procedure for each of these ruis was similar, with the frozen food being

loaded on to trayi in a cold room at about -50F. Thermocouples were inserted

into the samples Vaile they were in the cold room. The trays were then trans-
ferred quickly to a ireeze-dry-ng chamber 'iLcbh was imediately sealed and
evacuated. The time between removal from t.qe cold room and reaching a pressure
below 1 millimeter in the drying ctiamber was about 15 minutes. Me chamber was
always evacuated to aboat 100 microns before turning on the heat.

At the end of the drying time, the vacuucm was broken with nitrogen, the chamber

was opened, and the trays were quickly transferred to a dry room (rLlative

humidity 10 to 30%j uhere the food was put in+- plastic bags.

The food was then loaded into No. 10 cans ! .Li dry room, tops were loosely

put in'place, and thT cans were evacldLed twice with the vacruim being broken
each time by nitrogen. and then they uere sealed. The product was thus

packed under nitrogen at atmospheric pressure.

C. Pilot Scale LPCS Apparatus

1. Figure TV-i and Table IV-3 describe the apparatus. In the flow sheet,
liquid heptane was sprayed onto steam heated tubes in the heptane

boiler; the vapor then flowed over steam-heated, finned tubes in the
superheater and through an crifice into the drying chamber. In the50[
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TABLE IV 3

P'ILOT SCALL LPKb /WPARAUS -DETAIW

Chamber - Cylinder 36" diem, x 52" long I
Superheater 6 tubes, each 23" long, 1 1/4" Sch. 40 pipe

with tins 2tt di=m.4 spad 1/4" apaft.

Heptane boiler Shell 8" pipe Sch. 40, x 3G' long,
32 each 5/8" O.D. hairpin tubes, each approx.
60" long.
Heat transfer surface 21 aq.ft.

Condenser - 78 each 5/8" O.D. hairpin tubaes, each 76" to 90" ar
Heat transfer surface approx. 80 sqft.

Food basket - Drying bed 18 1/2" x 11 1/2", or 1,4 eq.ft.

Orifice - 1" diam.

Haptane pump - 1" gear pump, with 10 to 1 speed reducer and
variable speed drive.

Brine -irculating pup - 1" Moyno, Type CDQ

Cold trap - 14" dim=., x 44" long

Decanter and heptane etorage - 16" diam x 16" long

Vacuum pump - 250 cfm displacment, Blank-off at 10 microns,

Heptane filter - Fuel filter which passed hydrocarbons bt not aqueous
liquids.



drying chamber the vapor pased dovnw&rd through the bad of food and into
the condenser fron which the liquid drained into the decanter. The liquid
heptane floated off the top of the decanter into the heptainQ storage tank
where it was pumped around the cycle again. From the pump the liquid was
heated aid tien passed through a fuel filter which was readily permeable
to the hydrocarbon but which hold back droplets of water because of
their hLgher surface ten.ion, and in thin way salt deposits on the boiler
tubes woere avoided, Between the filtex and the boiler, and not shown on
the flow sheet4 wee a flowv*eor and a manual control valve by which the
flow of heptana could be regulated.

A 9lution of brine, apprt iatetl 30% caliti- chloride, was espyid ower
the condenser tubes to prevent their being caked with Ice. The decanter
eoparated this brine from the liquid heptane, and the brine was continu-
ouuly filtered and recirculated,

Because of the flammability of heptane, careful precautions were taken
to avoid an explosion. The room containing the apparatus was well ven-
tilated; explosion-proof motors, lights, and wiring were used in the
vicinity of the apparatus; and an automatic system to purge the apparatus
with nitrogen and to shut off the heptane flow in case of power failure
or in case the vacuum was accidentally broken with air was used. Two
pressure switches in series, which were each closed by vacuum, op4erated
a solenoid valve (current to open) in the heptane supply line to the
boiler and another solenoid valve (current to close) which would open
when it was deenargized and purge the chamber with nitrogen. This same
safety system is shown in Figure II-1 for the four-inch apparatus,

The ,ue of the .rifire etween the superheater and the dryinZ chamber
was to have a somewhat higher pressure in the boiler in order to get
better heat transfer between the hot surfaces and the vapor. In normal
operation the pressure in the boiler was 5 to 10 psi absolute when using
a 1" orifice and vaporizing about 1/2 gpm of liquid heptane. Without
the orifice the vapor velocity was so high that droplets of liquid were
carried out of the boiler and through the superheater into the drying
chasbeor and the elbow between the boiler and the superheater would be
covered with frost on the outside from the low boiling liquid impinging
on it from the inside. The I" orifice solved this problem nicely and
the surfaces of the boiler and superheater were quite warm except when
thi opv'a1.ton wzc - -keiv %insp+

2. To start a run, the vacuum pump was started, the cold trap was filled
with dry ice, the refrigeration turned on, and the brine circulation
was started. The food basket was loaded in the cold room and fine
thermocouples (36 gauge) were inserted into food particles distributed
about tl.e bed, When everything was ready, the food basket was quickly
trasferred to the drying chamber, the thermocouple leads were connected
with those in the chamber, and the chamber was evacuated to loes than 1
uillimater, all within 5 minutes or less. The vent to the heptane stor-
age tank was openedwhich made the liquid boil until it cooled to its
equilibrium temperature and then the flow of heptane was started. This
sequence required about 5 minutes also, The flows of hap:an and stem
to the boiler were controlled manually and unless trouble developed,
the apparatus operated very smoothly. Figures IV-2 and 3 show temperature
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. r r c ha rts t r t w' r L; ri 'i i .. w-ro froqu-nt

,.hi , Figur- TV.-3 -h ,' o , rm:tv 2: .mr-th, tr-ublr-fre# opera- I
ti-n,

Th tu-, raturc of t,, "'.rr 1 ilnr tl,. b d is en th, rJ,.-r of 50Y' 1n
fV .%P-2.2 i -V-2at - au*-; ~~r~ AT~cr' c& h

Sp I through th bd. ,atuzlly .,hi tm rLpraturc increas,-d as
the drying progressed,

The pressures ujed in the- pilot scale d-ring (2.5 to 5.0 mm 14g) are I
rather low, but rincu the evacuation capacity arni rufrigeration wre
availablc t w ,Innai those pressures, samplcs wcre produced under as
favorable conditions au possible.

3. Table IV-L summarizes the opcration of thc pilot scale LPGS apparatus
and the conlitions under which foods wer" dried. Tho dried foods were
canned under nitrogen and sent to U. ,. Arnm Natick Laboratories for
detailed evaluation.

The -riginal intention was to produce 10 pounds of each dried food, but
the unanticipated problems in makinp th, apraratus operational. and in
nperating it for extended prriods, permitted preparation of only from
3/4 to 4 p-ungs of each sample.

In Table IV-L difficulties or upsets in operation of the apparatus are
noted. Probably the occurrnco having most significance to tht final
1.oduct was in run E-4 viere the orific- between the superheater and
drying chamber blew out and incompletely vaporized carrier sprayed into
the drying chamber briefly. The liquid heptane that wet the food momen-
tarily evaporated very quickly, but a very strong after taste was apparent
in the dried product.

4. The principal and rather unexpect-ed problem which developed in operating
the pilot scale apparatus was the formation of curdy suspended solids in
the heptane laycr of tc decanter. As a rui progrcssed, this material
apparently clogged the liae connecting tho accante" with ,he h-ptane
storage tank, and also the ehtrance of the hept~ne pump; the restrLotion
caused the heptane pump to lose suction iather frequently. The heater
shown in the heptane line just downstream from te pu= in Figure IV-l
.as installed to melt these curds, and thcy gave no trouble in the line
beyond the heater. Hrv. ver, whenever the suction to the pump or the line
between the decanter anJ storage tank clogged, they had to be purged by
putting some nitrogen pressure into the storag, tank and blowing the
solids tbrough. Toward t,e later part of a run, this purging had to be
done every 10 or 15 minutes: and even though the operation required no
more than 2 or 3 minutes, it upset the drying conditions.

This solid material which built up gradu,2ly and had about the same
density as heptane, is believed to be a hydrate of hsptane. The fact
that the water drained from the fuel filter in the heptane line at the
end of a run generally contained much less salt than the calcium chloride
brine circulated through the condenser, is evidence that the filter
collected very little er rained brine awl that the water on it came from
the thermal decomposition of a solid compound formed between the heptane
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and water. The formation of solid or .oely-like hydrates from lower
hydrocarbons and water and from alkyl halides and water is well known;
and the phenomenon is used to obtain fresh water from salt water. At
the high pressures in natural gas pipe lines traces of water will cause
jelly-like hydrates to deposit at temperatures several degrees above the
normal freezing point of water.

These solids accumulated slowly in the heptane decanting and storage
tanks, and the only difficulty they caused was the clogging at constricted
points in the system. They were never apparent after the liquid was warued,
but heating was not possible until the heptane had passed throuph the
circulating pump.

When the suction to the heptane pump was partly clogged, there was a ten-
dency for the pump to cavitate and to lose suction. Cavitation took
place rather readily because of the low pressure under which the pump
suction operated, but this problem was largely eliminated by locating
the pump approximately 3 feet below the heptane storage tank and pro-
viding 3 or 4 feet of liquid head and a straight run of 1" pipe to carry
liquid to the pumps.

Vaporization of the heptane proved to be somewhat difficult in the boiler
which Figure IV-l shows. When liquid was sprayed on to the hot tubes in
the boiler at less than 10 millimeters of pressure, the large volume of
vapor and the resulting high vapor velocities carried droplets of liquid
through the superheater over into the drying chamber, but installation
of the orifice, which raised the pressure in the boiler to half an atmos-
phere or higher, lowered the vapor velocities and eliminated this carry-
over difficulty,

Even with the orifice installed, the carrier temperature oscillated 100
or more because heat transfer to the bulb operating the temperature con-
troller was slow, and the superheater stored enough steam and sensible
:ieit so that after the controller acted there was some lag before the
t.,nperature of the carrier vapor decreased. The best control was ob-
tained when the temperature controller acted on an on-off basis, essen-
tially.

Corrosion would have been a problem in the condenser if the equipment had
operated for any prolonged period. The condenser tubes were copper, the
shell of the condenser was mild steel, and in contact with the concen-
trated calcium chloride brine, there was evidence of corrosion. No
problems or significant damage were caused by corrosion in the operations
reported here, however.

V, CONDENSIBLE CARRIER FLUIDS

A. Comparison of Properties

The obvious attributes for carrier fluids to be used in this process where
the vapor is circulated by evaporation and condensation are4 first, that the
material be non-toxic and inert, and second that it have the right volatility:
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too high a vapor pressure wiuld necessitate excessively low condenser tem-

S paratures while too low a vapor pressure would cause the carrier to condense

D1 on the frozen food at 3 to 15 mm Hgo

i iu-s fluids which ippdar to have the draIL-ta" pivperties were studieds
h 4ptane, with which most of the work was done, hexano, 44d -IC-75, a cyclic
fluoro-ther COFIS0. Thoir portinant properties are tabu"Iad in T-abla

,V-1,

Sine the mimimum flow of carrier vapor is probably determined by its ability
to carry heat to the bed of food (for very thin beds carr ying water away may
determine the limiting rate) while heat removed by the rfri.gerated condenser
determines the cost of circulating the carrier fluid, a desirable character-
istic would be a low ratio of AH of vaporization to the heat cavo-ity of the
fluid. Table V-1 gives the ratio of the chane in j..thalpy in ..it condenser
to the heat capacity, and MC-75 is decidedly lower, than either of the hydro-
carbons, Thus with FC-75, a given amount of heat can be transferrned to a
bead of drying food with much less refrigeration than is the case for heptane
or hexane, and also less heat would be required to vaporize this carrici.

Regarding volatility, FC-75 and heptane are quite similar and would allow
reasonable condenser and ice core temperatures for operating pressures between
about 3 and 7 or 8 mm Hg, Hexane is somewhat more volatile, and either higher
0operating pressure or a lower condenser temperature woul l be needed.

Since the thermal conductivity of the vapor helps determine the rate of heat
transfer through the porous dried shell of the fco:d, the highest value of
this property would be desirable. Heme heptane is superior to FC-75,

The diffusivity of water vapor in the carrier gas determines the partial
pressure of water at the ice core, and thus the ice core temperature for a
given rate of heat transfer. The inert carrier interferes with the flow
of water vapor out from the ice core, and in fact causes the mass transfer
to take place by diffusion.

The diffusivity-of water vapor would, however, be only slightly less in
MC-75 than it would be in heptane or hexane, since the molecular weight of
the heavir gas has very little effect, as can be seen by the expression
for the diffusivity for the counter diffusion of two ideal gasses (10)s

Fles aility of the hydrocarbons is a disadvantage to their use, alth.ough
S the ha~zard cart be controlled, As the pressure of a system is decreased$ the

upper and lower explosion limits for a combustible vapor tend to draw to-
ga ther, and there in a minimumn pressure of approximtely 5 to 10 millimeter
below which the gas cannot be ignited in air (11), Thus within the drying
chamber there is little or no fire hazard unless the vacuum in broken byw-
air, FC-75 it, of course, non-flammable. Generally a chlorinated or lur
inated solvent with hydrocarbon dissolved in it is neo-flammable if the con-
cantrtion of hydrocarbon is below 20% by weight.
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TABLE V - I
COMPARISON OF CARRIER PROPERTIES (12, 8)

FC-75 n-HEPTAK(E n-HEXAN

Hajt Capacity of Vapor
@ 15o F
BTUI/# 0 F .23 ,435 ,435

A H from Liquid at 00 F
to Vapor 0 1500 F#
BTU/# 497 210 210

&H/(Heat Capacity) 217 483 482

Vapor Pressure, m Hg

200 F 860 7.8 33

-10 ° F 2,8 2,4 4,5

Thermal Conductivityl Vapor
@ 2100 Fe
BTu/(hr, OF ft.) .008 .012 ,013

Molecular weight 416 100 06
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With regard to toxicity, neither the FC-75 nor the saturated hydrocarbons
is known to be harmful, The Food and Drug Administration allows 30 ppm of
hydrocarbon oil (an alliphatic kerosene fraction) an residua from its use
as a defoaming agent in the manufacture of best sugar, And 25 ppm of hexane
it aiowed as a residuai solvent in flavor ex"tract. No tolerance has been
set for FC-756 but campl6tely fluorinated or%-wi ccpounds am t ly
inert and non-touic and a somewhat similar material, Freon C318, a cyclic
saturated flure carbom C4F8 has "en cleared by the rood and Drug Admniwtra-
tion for use as a propellant of foodstuffs, presumably whipped cream. Thus
any of thse sovets should be satisfactorily safe to use.

The possibility exists of using mixtures of carrier fluids, and since the
carrier is completely vaporized and completely condensed in the cycle, no
fractionation should occur. However, a clos,: boiling mixture would be
desirable bec4use the pressure at which condensation would occur on the
ice core corresponds to the dew point of a mixture, and the temperature at
which condensation would be complete, or virtually so, would be the bubble
point of the mixture; so the minimum allowable volatility would be determinod
by the heaviest component and the maximum by the lightest. Certaitly, how-
ever, a close boiling mixture of saturated hydrocarbon isomers should be
satisfactory.

The cost of the carrier fluid is a highly practical matt*L., and here the
hydrocarbons are heavy favorites. FC-75 costs about $1 per pound compared
to about 200 a pound for the purified hydrocarbons. However, since the
density of FC-75 (1.77 compared to .68) is much higher than that for the
hydrocarbons, about twice the weight of it would b needed; and therefore
its cost is about 10 times as great, T) mfore, despite the more favor-
able theoretical argument* for Mt-75, it-. greater cost and lack of a Food
and Drug Administration tolerance would probably make haptane the meast e-
pedient fluid to use on a large scalej and thus most of this work has been
done with heptane.

3. Performance of Different Carrier Fluids

Table V-2 lists the drying runs made in the small scale apparatus with hex-
ens and Qith FC-75, Table 11-1 gives similar data for heptane. All throe
carrier fluids stem to perform quite well, although the condenser in the
apparatus was not adequate to handle the higher flow rates of hexane at 6
millimeters, the lowest pressure used with this carrier.

C. Residues of Carrier Fluid in the " ed Foods

In all of the small-scale work repowted in Table 11-1, reagent grade heptane
was usedl but this material was not readily available in the quantities
needed for the pilot scale apparatus so that two barrels of technical grade

heptane (Amsco) wore ordered for the larger scale work.

In the small scale rums, at the moat only a faint after taste, which might "
be attributed to the heptan was noticed in some of the dried samples; but
the first samples dried in the pilot scale apparatus had a strong acrid taste
and had obviously been contaminated by the carrier.
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The twchinicaI grade hoptane turned out to be quite different frcm the
analytical grade. The ultraviolet spectrum for the analytical material
showed no leas than 90% transmittance from the visible to the far ultra-
violet (350 to 200 millimicrons) while the transmittance of the technical
grade fell to virtually 0 between 300 and 280 millimicronh, rurthermore,
the chromatograph showed the technical grade to contain at least 4 and
podsibly 6 princip I ccmponent* while the other had only I major component, I
See figure V-1,

Since paraffin hydrocarbons are transparent in the ultraviolet i the high
absorbanca of the technical grade heptane was undoubtedly due to aromatic
and possibly also to unsaturated impurities. These materials, being mora
reactive than the saturated hydrocarbons, can be removed by tratment with
f~ing sulphuric acid and also, but less readily, by adsorption on activated
carbon and by truatment with concentrated sulphuric acid. Thoroughly wash-
ing the technical grade heptane twice with about 25% by volwne of fuming
sulphuric acid$ (20% sulfur trioxide) and at the same time warming to about
150 0 F, then decanting and washing the hydrocarbon with water, made it quits
transparent through this full range of the ultraviolet and apparently
thoroughly removed the aromatics. Treating the technical grade heptane
with active carbon and with concentrated sulphuric acid decreased its ab-
sorbance in the ultraviolet to aome extent but not nearly so dramatically
as did the fuming sulphuric acid.

The technical grade heptane used in the pilot apparatus for runs E-2 through
E-12 was treated with fuming sulphuric acid in the manner described above,
but apparently in the 3 to 5 gallon batches contact between the acid and
hydrocarbon was insufficient and significant quantities of aromatic materials
remained in the carrier fluid as indicated by UV spectra and by analysis of
the food for residual carrier.

Samples of dried food were analyzed for residues of carrier using 4 mase
spectrograph. Weighed samples of the foods were sealed into glass Mpoulea
which were then broken under vacuum in the chamber of the mass spectro raph
and the volatile materials determined from the spectrum. The results are
reported in Table V-3, Where the foods wer dried in the small scale appara-
tus with analytical grade heptane and hexane and with PC-75, no compounds
other than the carrier were detected and only for Run 154 was an excessive
quantity of carrier found, In Run 154 the pressure was only 3.5 milli'rs
compared to 8 and 15 in Runs 149 and 1480 so the ice eoe temperaturt o -he
strawberries in this run should have been much lower than in the others,
Perhaps this fact accounted for the high residual content of FC-75 in this
CAse,

The E serie of runs, which wore made in the pilot scale apparatus using the

technical grade heptane (purification had been attempted) showed considerable
aromatic residues of toluene and alkyl benzenes in addition to satur'ated C76,
heptane, and methyl cyclohaxana. The cmparitively large residues of toluene
indicate that it in adsorbed preferentially by the dried food, and this is
logical considering that it is a considerably more powerful solvent than the
saturated hydrocarbons. Adsorbed aromatics probably contribute most to after-
taste, since heptane itself should be tasteless.
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TABLE V -3 1I
RESIDUES Or CARRIER IN DRIED FOODS

I
* I

Run
No. FOOD CARRIER RESIDUE, p

137 Beefs cooked Heptane- AR eptana, 27

138 i 04 of Heptane, 20

148 Stzawb'rry Hexane AR Hexane, 12

149 of Hxana, 7

151 gef, cooked FC - 75 None detected

153 Fish PC - 75 None detected

154 Strawberry FC - 75 100 (approxe)
I

METHYL
CYcLO- ALKYL

HEPTANE HEXANE TOLUENE NBNZEJT

E- 2 Peas Heptane-Tsch 17 10 50 X4100

E-12 P " 6 2,5 11 1,3

E,- Beefs cooked " 90 58 100 6

E- 6 Beef, raw None 2,2 6 5

E- 5 Beef, raw 6 2.4 10 None

E- 7 Chicken, cooked 7 2 15 4,7

E- 3 Fiah " 10 2.5 8 6.5

E- 8 Peaheas* " 470 200 $5 11

*(Dried ample E-8 had a mtro g acrid taste, and was
divearded.)
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In ,un E-4 the orifice ahead of the drying Chmber blew out, and droplets
of liquid carrier were blown on t( the food during part of the run. No

* liquid carrier was known to have passed into the drying chamb r in Run L-8,
but this must have happened; and sine the product had a very strong un-
plea*ant taste, it wan discarded.

A# pointed out abovet ihe I-Q/ aild Dru+' -' ....-- 5 -P o
heeA i "asidual solvtnt in zpica flavor extracta and 30 parts per million
of aliphatic hydrocarbon oil# of a koroaen. fraction in beet sugar (11.);
the =nt~t of ca ,ier fluid ahown In Tab'Q V-3 for I,=n 137 through l53

where properly purified material was uned should be satisfactory fro the
point of view of residues, Thre appear,, to be no reason, however, why
technical grade h ptane cannot be used if the sar1watr aro watibfActoly
removed, Fuming sulphuric acid will effectively separate these arcatic
impurities from saturated hydrocarbons, and the design of an apparatus to
do this should present no problems for the comparatively small amounts of
heptane needed to supply a full-scale version of this process.

VI. PROCES9 DESIGN CONSIDERATIONS

While developing details of design was not an objective of this work, a certain
mount of this information did come out of the effort and the princip points
ae briefly noted below.

Cou'torcurrent flow between the carrier vapor and the food is essential in a
continuous process so that the c uvir fluid can transport the maximum possible
mount of moisture from the bed by contacting undried food just before it leaves.

Since the flow of carrier fluid in moat likely to be deterined by the amount of
available sensible heat it can carry to th& bed, supplemental hoating of tho vapor
at an inten4ediate stage of contact is likely to minimize the carrier flow necessary.

For a situation where the carrier vapor flows through a bad of food, Increased bed
d&pth (a on a moving grate) increases the over-all drying time needed, but it
decrease the cost per unit of drying time. Thus, for a given material and a
given flow of carrier, there sould be an optimum bed depth.

Traces of aromatic and unsaturated compounds and also oxygenated compounds can be
rnoved from eturated heptans by scrubbing with wa-o, fuming sulphuric acid.
Since traces of these impurities impart undesirable taste and odor to the food*
any process designed should incorporate apparatus for cleaning up the carrier.

To minimize loss of carrier fluid, leaks in the vacuum system should be minimized.
Any inert gas removed by the vacuum pump carries with it a certain amount of
carrier vapor and provision should be made to control the chamber pressure by
throttling the vacuum pump.

Carrier liquid can be vaporized and superheated most efficiently by flash vapor-
ization in a tube heater at a pressure such that the temperature of the saturated
vapor is only slightly above the desired vapor temperature in the drying chamber.
Then by throttling the saturated vapor down to the desired chamber pressure, it
can be superheated without having to contend with the low heat transfer coefficient
of gas films at low preosurf,
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The condensing, decanting, and liquid carrier system should provide for solid
hydrates, These for At low taparatu. i i the condenser maid can !e decomposed
by pumiping them up to atmospheric pr ssure, warming to room temperature and then
filtering out the water,
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DEFINITION OF TERMS

p Partial pressure of water vapor as variable, or at the ice core#

PC Partial pressure of water vapor at surface of particle

rp Partial preazura of Wtar Vapor in vap -tr,&

T Tempemtue of ice core

STo Tmpertue of outface of paticle

Tp Temperature of vapor &tram

Ttv Aver e temperature of dried food shell

y Fraction of water vapor remaining in food

h rilm coefficient for heat transfer through boundary layer

k0 Mass transfer coefficient through boundary layer

k Thermal conductivity of dried food

D Diffusivity of water vapor through pores of dried food,
against carrier vapor

H Change in enthalpy of water from ice to vapor

414 Change in density of food as it dries (asiing no shrinkage)

M Molecular weight of water

Hc Molecular weight of carrier fluid

r Radius of ice core

r. Radium of particle

Time

A-I-I

76



Definition of T~rme (conttd)I

q Rate of heat tr-al fer I
iRate of maus transfer

A Cross-sectional We

Cp Heat capacity of carrier vapor

G Has* velocity - mass/(area-time) of carrier

Tbermal conductivity of carrier vapor

Fluid viscosity

A-II-2
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_APPENDIX 1

HEAT AND MASS TRANSFER CALCULATIONS

A. Heat transfer from stream of carrier vapor to the ice core of a
spherical food particle. (4)

Heat transfer through boundary layer

Heat absorbed by the evaporating ice core

Equatin& expressions and rearranging

Within the dried shell of the food particle

Solve for atr and integrate; at r rot T To

Above integration assumes q constant with r at any instantie,,
heat capacity of the dried shell of food is negligible.

and so,

A-II-3
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Substitutingi

Adding expraeuvon for TP - T4 and T- T gives

3U

In the weight-time runem T is constant, with pand Po and
variation of T is smal, Ko that (T, - T) is approxima e
constant. Therefore, since y a 1 when 8. u 0 * the above
expression can be integrated to giLve:

(at a . a 1)

If a value for the ratio of A./ /4) is aernme4#
then the function of . in brackets can be evaluated, nd it is pro-
portional to B By evaluating a constant of pwo-tiona3ity at one
experimental point$ values of B for other values ot- can be

Rearranging the expresslon for T- T sives
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3. Diffusion of Water Vaporout of a Spherical Food Paztici* (!3) I

For diffi.on of gai a thrwoh S" b, the flux iit

(M/A)t -D (Cj /C& ) 4c/,X

lere dX -r

Ct a (uoloo/vol) total • P/RT for ideal gas

C& (p - p)/RT

dCa , (1/RT) dp

We moles wter/time 4/3 4 (~ )
A - /7-4

ma u -D P 1 da in +4(4- -p RT dr,
dp/dr is -

Asa ing k is constmnt with r at a given instant

p WaRT d_

P- p 4ZtDP ,

Whre r v , p p intqrating, and asu-ing absolute
value of T does not vary greatly with r, so that average value can
be usedi

a WR T*..- /I
(~p4p XYDP r r

And if P isuch laer than p and pa

i (;I Is approx. a -p - P P

8o
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1.to that LE /i -_

For transfer of watr vapor through boundary layer*/, . , (c..-2 ..)/t't- P. -t,,%)

Adding p. o to 14 and substituting for r and Ma gives

ILI

6tt
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C. Variation of aot dore tempt1Ot1W4 as dryving~ oroosoII

xIuatiag above expressions for ~ and rearranging, gives

T'r 4h'j~I i
I

4/A.Tp OW a ft cois t' nt with Y/, and 90 A ft T AMd P lif

Sin e tx is probably not true, the tampax',turt of the ice cors
ah.Ld Taty somevhat as-Nlir pocenda. Since y decreseu,
(Tp - T)/ (p - 1p) should deceaste, and thie would be caused by
an ±M2ram in T.

A-11-7
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D, Heat Trnsfer r.m Coefficient iround. a.Spherical rood Particle

rrom roust (6) the factor Iq for transfer of heat betw4ee skngle
spherep and a gas stream is plotted as a function of the Rsynolds
number based on gas mass flow rate and partiels dimeter,I
do a 1/4 inch.

For Hptne vapor at 1 j50f

C4 • .44 BTU/# - or

- 6.5 x 10"  C.

/ 10- 2  BTU/hr.-/t -Of

and, since Hptane is nearly an ideal gas at the prlssurea used
here, these values are independent of pressure,

C 6/9 .e, in consistent units

The mass velocity$ G, for flow of vapor from 11 cc/min, of liquLd
Ieptane through a channel 1 1/2 in. dim. is

C11 (.68) gins 1m 144
60 sac / 5 (3/2)2 ( n'4) MI

x .0223 9/ft. 2 - sec. a 80 /hr.- ft2

Reynolds no. CI, G 1u /

rom plot, jq .07

And h comes out 3.2 BTU/hr - OF - ft2

-l-8

C3



To det mlne the influence of maus flow rate of carrier oti ho tha
plot In Foust (6) ahows that jq is proportional to Raynolds N,,
to -&3 povare

4 I
Fuzth.yaor e h should not be affected by pressure, mince C1 . 6
and * ' nd G are each pressure-indepandent,

84
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AMLUZB FOR FREE SULFUR DIOXIDE h CORN AM R MUZE-DRYING BY LPCS ETHOD1

To 7irino the asaftt of free S02  emaining on aor that was dipped Into a
300 parts per mLillon solution of 502 and freee-dried by the LPCS method.

mlaterialsI
r *AM 9 "L "I Qoldan SWast Whol Kcrnal Cc, A 300 no 0 solution
made fl" W02SO3*
Procedure *

M 5 POp S02 aolutio1o was mad: and checked by aming the AOAC method. (ACAC
par&, 27,079, h Ed,# 1960) The frozen corn wa thawed# then soaked int
300 ppm 0 solution fo 1-1/2 minutes. The exces solution was rmoed by
shakL4. Its eorn m placed on freeze-drying trays 2 - 3 kernels deep and
faxan t~o -100 F, in the cold rom. The frozen aatie.al was then dird uwdng
the L S methods Th dried =n was analyrAd by WM the method for ft.a
$02 described on pae 112 of Food Analnis, International Chemical Sevies by I
A. 0. Voodman 4th Ed., HoGrawl ll Bo., c Copany, Inc., 1941, or Nichol, and
Peedt lad, Eng, Chain, Anal. Ed., 1932. 79.

Resuts s Run Ne. Free SO Ppm

65 199.34
79643

1234626505 1I

69 592.6 6

70 645

87 57

Dioussion
RepOtGble results were not obtained, This may have been due to the method of

anelysis. Using a 300 ppm SO 2 solution and the above analysis methods, the
results war* 72.6 and 80 ppm, The S02 did not seem to react at aCtntr rote ach tiot wit~h the KI..

AMotbr problem was freeze-drying a lane enough maple to make repetitiv
snalyis of the ame batch.
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A. Drying Rate Data

Run - Run number
Tep. - Teiperatur OF
Pressure - Pressure, m HS
Total Tias - Total tims that sample dried, sin.
Vaisht in - airt1al *eght of sample* gw.
Weight Out - Final weight of sample, gas., a weighed
Measured Loss - Veight loss, ga., as indicated by drying rate apparatus
Time - Ninutes since starting carrier flow
Wt. Lose - Loss in weight, gas, indicated by apparatus
Evaporation by ts. - Per cant Ices in weight by weighing ample
Evaporation Apparent - Per cant weight loss as indicated by apparatus and

initial weight
Rate - Per cent wt, loss/mnute, based on least-squares slope of Initial
constant rate.

Confidence Limits - 95% confidance limits on rate, %/minute
Intercept - Intercept of least-squares line with 0 time axis
C Slope - Per cent weight lose over which drying rate was assumed constant

Bl. Original data for this project (CE 9966) is contained in FWC Lab. notebooks
(CEL-PDD) 1160, 193, 220, 204, 1889 and 171.

t

1
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DRYING RATE DATA

RUN 82
TEMP ISO
PRESSURE 6
TITAL TIME 205
WEIGHT IN 7, 0
WEIGHT OUT 3.95
MEASURED LNSS 5.05

TIME WT LOSS

5.00 0.20
7.00 0.30
10.00 0.60
20.00 0.90
24.G0 l.t5
30.00 1.35
35.00 i.60
40.00 1675
46.00 2.00
5000 2910
61.00 2.40
73.00 2.71
80i00 3.00
1SO0 3.20

EVAPORATION BY WT 73.
EVAPORATIIN APPARENT ?I.
RATE 0.59
CONFIDENCt LIMITS 0.05
INTERCEPT 0.0T
CSLOPE 30.

89
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DRYING RATE DATA IU
AUN 83 U

TEMP ISO

PRESSURE 6 -

TITAL TIME 171

wEIGHT IN 7.21
uEIGHT OUT 2.17

MEASURED LESS 4.70

t t

TIME WT LOSS

3 00 0 407 i

5.00 0.20
20.00 0.82
30.00 1.30
35.00 160 

4

41.00 1.80
55.00 2.30
60.00 2.60
68.00 2.85
76.00 3.12
85.00 3.40

105.00 3.82[ 115.oo 4.10
137,00 4o37"

S153*00 4s60

111.00 4.70

EVAPORATION BY WT 70o
EVAPORATION APPARENT 65.
RATE 0IIT
CONFIDENCE LIMITS 0005INTERCEPT -0*92

CSLIPI
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90



DRYING RATE DATA

RUN 84
TEMP £50
PRESSURE I
TOTAL TIME 245
Wt?GT IN 6.85
WEIGHT OUT 1.90
MEASURED LESS 4.85

TIME WT LOSS

9.00 0.30
15.00 0.63
20.00 0.80
28.00 1.16
35.00 1.49
40.00 1.69
50.00 2.00
65.00 2.50
76.00 2.85
85*00 3.10
90.00 3.30
95.00 3.45
125.00 4.10
142.00 450-
170.00 4.15
197.00 4.80
225.00 4.85
245.00 4.85

EVAPORATION BY WT 72.
EVAPORATION APPARENT 7i.
RATE 0.55
CMNFIDECE LIMITS 0.04
INTERCEPf 0.07
CSLIPE 42.
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DRYING RATE DATA

RUN
TIERP 150

PRESSURE 6

TMTAL T1HE 215

WEIGHT IN 6.72
WEVUHT GUT 1,82
NEASURED LGSS 5.25 i

TIME WT LOSS

5.00 0.55
10.00 0.8515600 1010
2t.00 1*45

25.00 1.75
3500 220
51.00 3,00

60.00 3.45
73.00 3.90

80.00 4.208500 432
90.00 4*60
95.00 4*70

100600 4*62
105000 4.90
110000 5.00
130000 5*20 .

175*00 5,25

215.00 5.25

EVAPMRATINN BY WT 73.
EVAPORATION APPARENT 78.
RATE 0.78
CMNFIDENCE LIMITS 0.04
INTERCEPT 0.34

CSLBPE 51.
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DRYING RATE DATA I
RUN 88

TEMP 50 
PRESSURE 6
TOTAL TIME 190W EIGHT IN 6.90

WEIGHT OUT 1.85
MEASURED LOSS 5.05

TIME WT LOSS

5.00 0.20
15.00 0.50
20.00 0.80
25.00 1.00
30.00 1.20
35°00 t.45
40.00 1.70
45.00 1.80
50.00 2.05
61.00 2.52
70.00 2.82
80.00 3.10
90.00 3.42
400.00 3&60
110.00 3.86
120.00 4.00
130.00 4.10
140.00 4.20
150.00 4.35
160.00 4.55
17500 4.65
90.00 5.05

210.00 5.30

EVAPORATION BY WT 73,
EVAPORATION APPARENT 73.
RATE 0.61
CONFIDENCE LIMITS 0.03
INTERCEPT -0.05
CSLAPE 37.
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I , DRYING RATE DATA

RUN 89

PRESSURE 6
TOTAL TIME 275
WEIGHT IN 7.17
WEIGHT OUT 1.63
MEASURED LOSS 5.45

TIME WT LOSS -

S5000 0427

30.00 0.40

ts3.00 Goss
20.00 0.80
25.00 1.05

35.00 1.22

f, 45.00 1.45
S50.00 1160

95.00 2.71

112.00 3.00
S185.00 4.00.147.00 3,80

165.00 4.00
175.00 4.30 1
180.00 4.42
195.00 4,70

215.00 5.05236,00 5*25 "

245.00 5.45
260.00 5.60!

EVAPORATION BY NT 77.
EVAPORATIAN APPARENT 76.
RATE 0.41
CONFIDENCE LIMITS 0.03
INTERCEPT .IT
CSLMPE 28.

I



DRYING RATE DATA --

RUN 90

PRESSURE 6 -- ~.-~.-
TITAL T1IME 192

WfI6HT BUT 1.67
MEASURED LISS 5.70]

________ ____ TIME ___ WT LISS _________

5.00 0.30
10.00 0.60

*15400 0.75 ----------
20.00 1.07

40.00 1.40

35.00 1.95
45.00 2.45

* -- .50.00 2.55

70.00 3.45

80.00 3.90
90.00 4&30

100.00 4.5 . - -

11801100 5.60
120a00 so67

180600 5.70

EVAPONATINN BY WT 77o
--------------EVAP0PATINN APPARENT 80........------

SRATE 0.73
*CINFIDENte LIMITS 0.04

________INTERCEPT 0008 ______________

CSLPE ________________95_



DRYING RATE DATA

RUN 91
TEMP 15016
PRESSURE 6 -

---- OTAL-TIME 255 I
WEIGHT IN 7.13
WEIGHT OUT 1.47
MEASURED LOSS 5.80

TIME WT LOSS

5.00 0.25
10.00 0.30
15.00 0.60

___0_0__.. .... .0.70 "
25&00 0.85

-.... 30.00 1.05
40.00 b1.55

.... ... 45.00 1 70
50000 1.90

..... 55.00-.... .... 2.15 -......... __

40000 2.30
72.00 2*60
75.00 2.80

........ .. _ 85.00 3*10
90.00 3.25
95.00- ...... 3&50

100,00 3&55
.......... 110,00 3 700+

12000 3.85
130.00 4.10
140.00 4.45
15 4.66 - ..
160.00 4.80

. .... . .. 17tl 00 5,10
185.00 530

l--"2 0 0 * 0 0 5 & 5 0

210.00 5,70
2 2 0,s 0 0 572

23n.00 5.80
245,00 5.80
255.00 5.80

EVAPORATION BY WT 79. .
EVAPORATION APPARENT 81.
RATE 0.5.
CONFIDENCE LIMITS 0*03
INTERCEPT -0.01
CSLOPE ?6.



DRYING RATE DATA

RUN 93
TEMP 150
PRESSURE 6
TNTAL TIME 213
WEIGHT IN 7.06
WEIGHT OUT 1.64
MEASURED LOSS 5.60

TIME WT LOSS

3.00 0.35
6.00 0.55
8.00 0.70
13.00 0.95
18.00 1.20
23.00 1.40
33.00 2.00
38.00 2.20
43.00 2.50
53.00 3.10
63.00 3.55
68.00 3.90
73.00 4o12
83.00 4.55
88.00 4.77
98.00 5.00
125.00 5.50
183.00 5.60
213.00 5.60

EVAPBRATION BY WT 77.
EVAPORATION APPARENT 79.
RATE 0.76
CONFIDENCE LIMITS 0.03
INTERCEPT 0.23
CSLOPE 44.
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DAVING RAE DATA

RUN 94

PRESSURE 6
T8TAL TIME 1gb
WEImHT IN 7.14WEIGHT BUT 1*74

MEASURED LOSS 5.60

TIME WT LOSS

5.00 0.25
10.00 0.58
22.00 1.35
25.00 1.55
30.00 1.80
35.00 2.30
50.00 2,95
70.00 3.85
80.00 4.20
85.00 4.25
90*00 4650

9500 4.65
105.00 s.lo
115000 5.25
125.00 5.32
135.00 5.50
145.00 9*55
155400 5.55

t65.00 5.60
195.00 5.60

EVAPORATION BY WT 76.
EVAPORATIgN APPARENT 78.
RATE 0.86
CONFIDENCE LIMITS 0.09
INTERCEPT -0.01
CSLOPE 41.
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ORYING RATE DATA

RUN 95
TEMP 1io
PRESSURE 6
TOTAL TIME 185
WEIGHT IN 7.09
WEIGHT BUT 9.58
MEASURED LOSS 5.60

TIME WT LESS

5.00 0.70
10.00 1.05
15.00 1.50
20.00 1.85
30,00 2.54
35.00 2.80
40.00 3.05
45.00 3.38
50.00 3.65
55.00 3.90
65.00 4.20
75.00 4.85
80.00 4.90
85:00 4o95
95.00 5.50100000 5.52 ...

110.00 5*54
125°00 5.58
145.00 5v60
185.00 5.60

EVAPORATION BY WT 78.
EVAPORATION APPARENT 79o
RATE 1610
CBNFIDENCE LIMITS 0.17
INTERCEPT 0.30
CSLNPE 26.
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ii

DRYING RATE DATA

RUN 96
TEMP 150
PRESSURE 6
TOTAL TIME 195
WEIGHT IN 7.06
UEIHT OUT 1,94
MEASURED LOSS 5.05

TIME WT LOSS

5.00 0.55
10.00 0.78
20.00 1.15
25.00 1.32
30.00 1.65
35.00 1o90
40.00 2.20
45.00 2.40
50.00 2.60
55.00 2.85
60.00 2.95
65.00 3.10
70.00 3.30
75.00 3.40
80.00 3.55
85.00 3.80
90.00 3o95
95.00 4.10
100.00 4.10
110.00 4.50
120.00 4.62
135.00 4.90
160000 5.05
185.00 5.05
195.00 5005

EVAPORATION BY WT 73.
EVAPORATION APPARENT 72.
RATE 0.66
CONFIDENCE LIMITS 0.05
INTERCEPT 0.27
CSL4PE 37.

1.00



DRYING RATE DATA

RUN 97
TEMP 150
PRESSURE 6
TOTAL TIME 155
WEIGHT IN 7.04
WEIGHT BUT 1.94
MEASURED LOSS 5.30

TIME WT LOSS

5.00 0.45
10.00 0.95
20.00 1.60
25.00 1.85
30.00 2s15
35.00 2.50
45.00 3.10
55.00 3.70
65.00 4.15
80.00 4.70
97.00 5.05
11500 5.30
125.00 5.30
135.o00 5.30
145.00 5.30
155.00 5.30

EVAPORATION BY WT 72.
EVAPBRATI9N APPARENT 75.
RATE 0.92
CINFIDENCE LIMITS 0.07
kI'fRCEPT 0.23
CSLUPE 44.
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DRYING RATE DATA

RUN 60O
TEhP 130
PRESSURE 4
TETAL TIME las
WEIGHY IN 7.19
WEIGHT OUT 0.66
MEASURED LDSS 6.55

TIME WT LESS

5.00 065
10.00 i.i5
15.00 1.40
20.00 1.65
25.00 2.00
30.00 2.20
35.00 2.45
40.00 2.80
45.00 3.00
50.00 3.25
60.00 3.60

.... - 65.00 3.72
70.00 3.95
75000 4.15
85.00 4.45
104.00 4.95
122.00 5.45
145.00 5.90
15500 6.05
170.00 6.40
185.00 6.55
200.00 6s60
230.00 6.60

EVAPORATIEN BY WT 91.
EVAPORATION APPARENT 91.
RATE 0.74
CJNFtDENCE LIMITS 0.03
INTERCEPT 0.60
CSLOPE 45.
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DRYING RATE OATA

RUN 10!
TEMP13
PRESSURE 4
TOTAL TIME 195
iEIGKT IN 7.19
WEIGHT OUT 0.66
MEASURED LOSS 6.35

TIME WT LISS

5.00 0.30
10.00 0.58
15.00 0.90
20.00 1.30
25.00 1.55
30.00 1.95
40.00 2.35
45.00 2*65
50.00 3.05
55.00 3.35
60.00 3.60
70.00 4.00
75.00 4.20
80.00 4.47
90.00 4.70
95.00 4.90
10500 5.20
110.00 5.60
120.00 5.60
125.00 5.80
130.00 5.95
135.00 6.10
140.00 6.25
145.00 6.25
150.00 6.35

EVAPORATION BY WT 91.
EVAPORATION APPARENT 88.RATE 0m83 ...CONFIDENCE LIMITS 0o04
INTERCEPT 0*03

CSLOPE 50.
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II

DRYING RATE DATA

RUN 
102

TEMP 130

WEIGH"T'iN 6054
WEIC44.T OUT 0496
MEASURED LOSS 5.801

TIME WT LOSS

'500 0.12
10.00 0.40
15.00 0.65
20.00 0&82
25.00 0.90
3 flO 01010
35.00 1.30
4%.00 1.50
45,00 1.65
st"Gon 1.70
55.00 2.05
60.00 2.25
65.00 2#28
70.00 2&35
75.00 2o45
80*00 2.60
85.00 275
90600 2*90
95.00 1400
100.00 1,05
105.00 3.15110400 3*3011500 3.35

125.00 3.50
130.00 3.60
135.00 3.70
145600 3.88150.00 

4&00

155.00 410
165000 4.20
17000 4s25
18000 4430
195.00 4.62
210.00 '4.O
225.00 5.05
245.00 5#45
265.00 5.50
280000 5670
295.00 5.80

EVAPORATION AY WT 85.
EVAPORATION APPARENT 89.
RArE 0.56
CONFIDENCE LIMITS 0.65
INTFRCFPT 0,(2
CSLOPE 25.



DRYING RATE DATA

RUN 116

PRESSURE t0
7ITAL TIME i15I G"T IN 3.25

WEIGHT NUT 1.25
MEASURED LOSS 1.90

TIME WT LISS

2.00 0.25
5.00 0.35
10.00 0.55
15.00 0.80
20.00 0.95
25.00 1.18
35.00 1.48
40,00 1.65
45.00 1.75
55.00 1.86
65.00 1.90
90.00 1.90
115.00 1.90

EVAPORATION BY WT 62.
EVAPORATION APPARkNT 58.
RATE l.8
CONFIDENCE LIMITS O.o
INTERCEPT 0.5I
CSLNPE 46.

105
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ORYING RATE DATA

RUN
TEMP ISO

TOTAL TIME 65
WEIGHT IN 3.30
ul4ji4T OUT O's,
MEASURED LESS 1.86

TIME WT LOSS

5.00 0,10
15.00 0.65
20.00 I.15
25.00 1.25
35-00 1.52
45.00 1o72
66.00 I.86

EVAPORATION BY WT 63.
EVAPORATION APPARENT 56.
RATE 1.84
CONFIDENCE LIMITS 1.02
INTERCEPT -0.20

-CSLOPE 38*
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DRYING RATE DATA

RUN too
TEMP 150

PRESSURE 10
TOTAL TIME 65
UEICMT IN 3.tS
WEIGHT OUT 1.18
MEASURED LOSS 1.62

TME WT LISS

5.00 0.20
95.00 0.63
25.00 1.10
30.00 1.25
35.00 1.37
45.00 1.57
55.00 1.62
65.00 1.62

EVAPORATION BY WT 63o
EVAPBRATION APPARENT 51.
RATE 1.36
CONFIDENCE LIMITS 0.23
INTERCEPT -0.01
CSLIPE 40.
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DRYING RATE DATA __

RUN 319
TEAP ISO

TOTAL TIME ~ 901

WEIGHT OUT 1*25
MEASURED LOSS los.8.

F.~~~~~ ~ I ME ._MT_ LOSS _________ _______

5400 0.40 ----------
1 0.00 0.80
15000 ".15 --- -- -- - - -- - - - ----- -- -- --
20.00 1.42
25o00 1035 __ _ _ _ _ _ _ _ _ _ _ _ _ _ _

33.00 1.75
45.000
60.00 les5
75.00 le85

EVAPORAT ION BY WT60....- -----

EVAPORATION APPARENT 59.
RATE2..7----------------
CONFIDENCE LIMITS 0&56

_---_INTERCEPT ______ 0.09
CSL#PE 45.

- - - - - - - - -- --- -- -- -- -- -



DRYING RATE ATA

RUN 120
TEMP 150
PRESSURE 4
TOTAL TIME 100
WEIGHT IN 3.12
WEIGHT OUT 1.22
MEASURED LOSS 1.50

TIME WT LOSS

5.00 0.50
10.00 0.30
20.00 0.70
25.00 0.85
40.00 1020
50.00 1.40
60.00 5.50
90.00 1.50
100.00 5.50

EVAPORATION BY WT 65.
EVAPORATION APPARENT 48.
RATE 1.22
CONFIDENCE LIMITS 0.18
INTERCEPT -0.08

CSLOPE 27.
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lI

DRYIg RATE DATA

RUN 121

TEMP 150

PRESSURE 4

TBTAL TIME 60

WEIGHT IN 3.05
EIGHT UT 1.15
MEASURED LZSS 1.45

TIME WT LOSS

5.00 0.10
0.00 0.40
t5.00 0.55
20.00 0.80
25.00 1.05
30.00 1.20
40.00 1.40
60.00 1.45

EVAPORATION BY WT 62.

EVAPORATIGN APPARENT 48.

RATE 1.51
CUNFIDENCE LIMITS 0.24

INTERCEPT -0.11
CSLOPE 34.
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DRYING RATE DATA

RUN ISO
TEMP 150
PRESSURE 10
TOTAL TINE 55
WEIGHT IN 3.20
WEIGHT OUT 1.32
MEASURED LOSS 1.7O

TIME WT LeSS

2.00 0.10
5.00 0.25
10.00 0.60
15.00 0.95
20.00 4.25
25.00 1.40
30.00 3.55
35.00 1.60
40.00 1.65
45.00 1.70
50.00 1.70
55.00 1.70

EVAPERATION BY WT 59.
EVAPORATION APPARENT 53.
RATE 2.04
CONFIDENCE LIMITS 0.15
INTERCEPT -0.05
CSLOPE 39.



i ii

DRYING RATE DATA

RUN 123
TEMP ISO
PRESSURE I5
TOTAL TIME 75
WEIGHT IN 3023

WEIGHT OUT 1.22
MEASURED LOSS I.80

TIME WT LOSS

5.00 0.15
10.00 0.45
15.00 0.80
20.00 1.05
30.00 l.40
35.00 1.55
40.00 5.7O

45.00 1.75
55.00 1.80
75.00 1.80

EVAPORATION BY WT 62.
EVAPORATION APPARENT 56.
RATE 1.89
CINFIDENCE LIMITS 0.35
INTERCEPT -0.15
CSLIPE 33.
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I

'I
DRYING RD.TE DATA I

RUN 124
TEMP 150
PRESSURE 8
TBTAL TIME 80
WEIE"T IN 3019
WEIGHT BUT Ill
MEASURED LISS 1.15

TIME WT LESS

5.00 0.15
10.00 0.40
15.00 0.70
20.00 0.90
25.00 £15

30.00 1.32
35.00 1.42
45.00 I.656"000 1075
40000 1*75

EVAPNRATINN BY WT 65.
EVAPERATIEN APPARENT 55.
RATE 1.49CINFIDENCE LIMITS 0ol6
INTERCEPT "0006

41
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DRYING RATE DATA ..

RUN 125
.TeMP-----------5----------------

PRESSURE1
TOTAL TIME ~75 * -.

Bt1H UT 1.22 .

MEASURED LISS 1.90

________ TIME WT LOSS ______

5.00 0.40
10000 - 0.0
15600 lot1s1
20e00 1&30

____ - 25.00 le4_ _ __ __ _

~43e.00T 160 -- ______

50000 log0

--------------- --------------

_______EVAPIRATION GY lIT 62a
EVAPORATION 'APARENS90-
RATE 2.31
COMMIERCE LIMITS ----- 3 I A. 3 ------------

INTERCEPT 0.03
------- CSLIPE ------------------------"3---------------

3-14



DRYING RATE DATA

RUN 127
TEMP 120
PRESSURE 4
TOTAL TIME too
W~EIGH4T IN 3.19
WEIGHT BUT 1.30
MEASURED LESS 1.80

______TIME WT LISS____

5.00 0.05
10.00 0.35
15600 0.55
20.00 0.85
25.00 1.05
35.00 l.20
40.00 1.50
60.00 1.65
75.00 1.65
90.00 3.80

__1 00.00 360

EVAPORATION BY liT 59.
EVAPORATION APPARENT 56.
RATE 1057

_______ CNIDENCE LIMITS 0.20___
INTERCEPT -0.16-
CSLNPE 33s
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DRYING RATE DATA

RUN 126

lemp 120
PRESSURE t
TOTAL TIME 105
WEIGHT IN 3o22
w I1-Hy BUT 9.30
MEASURED LOSS 1.90

TIME WT LOSS- ____

3.00 0.10
7.00 0.20
10.00 0.30
15.00 0,50
20.00 0.70 ______

25o00 0n8s
35.00 1015
40.00 3.25 -

45.00 1.40
50.00 3.45 -

60a00 3.55
70.000 1.65
105.00 1.70

1

EVAPORATION BY WI 60.
EVAPORATINN APPARENT 59.
RATE 1.06
CONFIDENCE LIMITS 0.08
INTERCEPT -0.02

C$LfPE 36.

11
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DRYING RATE DATA

RUN 129
TEMP 120
PRESSURE 19
TOTAL TIME 95
WEIGHT IN 3.20
WEIGHT 6UT tots
MEASURED LOSS 2900 . . .

TIME MT LOSS

5.00 0.25
10.00 0.55
15.00 0.80
20.00 1.15
25.00 1.40
35.00 1.60
50.00 l.85
70.00 2.00
80.00 2.00
95.00 2.00

EVAPORATION BY UT 63.
EVAPORATION APPARENT 63.
RATE 1.61
CONFIDENCE LIMITS 0.16
INTERCEPT -0.04

CSL#PE 44o
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IL DRYING RATE DATA

TEMP 120
PRESSURE 10

TITAL TIME 90II WEIGHIT IN 3.19
WEIGHT OUT 1016
MEASURED LBSS 1063

T I 1E WT LOSS

5.00 0.15
10.00 0.42
15.00 0.55
20a00 0.70
25.00 0.85 __
30s00 1610
35.00 1.25
40.00 1.42
50.00 1.60
55.00 log0
68.00 logo
80.00 logo

906001.83

EVAPORATION BY UT 64a
EVAPORATION APPARENT 57. ___

RATE 1.11
CONFIDENCE LIMITS 0.09
INTERCEPT 0.01
CSLSPE 45.
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DRYING RATE DATA

TEMP 120
PRESSURE 4
TOTAL TIME I10
WEIGHT IN 3.27
WEIGHT BUT 1.18
MEASURED LOSS 1.82

TIME WT LOSS

5.00 0.15
10.00 0.50
15.00 0.65
20.00 0.85
25.00 2.00
30.00 1.10
35900 .e25

40.00 ,e5
50.00 1.50
55.00 1.55
75.00 1.65
80.00 1.75
90.00 1.80
95.00 1.82
t00.00 1.82
105.00 1.82
110.00 1.82

EVAPORATION BY WT 64.

EVAPORATION APPARENT 56.
RATE 2.25
CONFIDENCE LIMITS 0.40
INTERCEPT 0302

CSLEPE 31.
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DRYING RATE DATA

RUN 132

PRESSURE 6
TOTAL TIME 115
WEIGHT IN 3.22U
WEIGHT OUT 1,22 3
MEASURED LOSS 1.5

TIME WT LGSS I
15.00 0.45
20.00 0.60
30.00 0.90
40.00 14C5
45.00 1.25
55.00 1.35
75.00 1.70
95.00 1.75
115.00 175

EVAPORATION BY WT 62o
EVAPBRATION APPARENT 54.
RATE 0.84
CONFIDENCE LIMITS 0.10
INTERCEPT 0.06
CSLOPE 39.
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DRYING RATE DATA

RUN !33
TEMP 120

TOTAL TIME TO
WEIGhf IN 3.10

7 Wc 44;- OUT .;3

MEASURED LOSS 1.90

TIME W7 LASS

I0000 0.45

25.00 1.05
35.00 ls30
45w00 1.55
55.00 1.65

65.00 1.075
70.00 1.90
90000 1090
I00000 1.90

EVAPORATIBN BY WT 64.

EVAPERATIEN APPARENT 61.
RATE 1.11
CONFIDENCE LIMITS 1.68

INTERCEPT 0.t3
CSLOPE 42o

121
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4- RUI3

- 120

__ ____TOTAL TIRE 8

MEASURED LOSS 2.00

TIME WT LOSS -_____

5.00 0.40
10.00 0.78
15.00 1605
20.00 1.25S~ ~25,-00 5.40________

55.00200
85600 2.900

I.EVAPORATION BY WT 62.

EVAPORATION APPARENT 63.-
CINFIDENCE LIMIYS 2a53

______INTERCEPT 0.09_____
CSLBPE - _____
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DRYING RATE OATA

TEMP ITO

PRESSURE 4
TOTAL TIME 65
WEIGHT IN 3.13
WLIGHY OUT i.io

MEASURED LSS I.55

TIME WT LOSS

5.00 O.1O

10.00 0.60
15.00 0.80

25.00 1.15
35.00 1.35
45.00 1.45
50.00 1.50
55.00 1.55
60.00 1.55

1 65.00 1.55

EVAPORATION BY WT 65.
EVAPORATION APPARENT 50
RATE 1.58
CENFIDENCE LIMITS 1.35
INTERCEPT -0.02
CSLOPE 37.

-. 123



UI

DRYING RATE DATA I
RUN 137

TEMP 170
PRESSURE Is
YOTAL TiME -0

WEIGHT IN 3.10
WEICHT OUT 1.27

TIME WT LOSS

5.00 o0.o
10.00 0.85
45.00 1.25

25.00 1.60
30.00 .o70

50.00 1.95
70.00 1.95
80.00 1.95

EVAPORATION BY WT 61.
EVAPORATION APPARENT 63.
RATE 2.74
CONFIDENCE LIMITS 1.18

INI C P|-0002

CSLOPE 40.
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DRYING RATE DATA

RUN 13
TEMP 170
PRESSURE 1
TWXAL TIMEV!
WEIGHT IN 3. 28 _____

WEIGHT OUT 1.32
f4EASUfREf LESS i6

TIME WT LOlSS___

5.00 0.30
0.00 0.55

15.00 0.75
20.00 1.00
25.00 1.15_____
30.00 1.45
30.00 1.40 -S___

60.00 1.50
95.00 1&60

-- EVAPORATION BY W~T 60o.____ __

EVAPZRATION APPARENT 49.
RATE 1.,40
CONFIDENCE LIMITS 0.19
INTERCEPT 0.08.............-.

_____ CSLOPE 30. - - __
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DRYING RATE DATA I
RUN 139

TEMP 170

TOTAL TIME 85
WEIGHT 3N 3.31
WEiGHT OUT I2

NEASURED LOSS 1.95

TIME WT LOSS

5.00 0.10
10.00 0.30
15.00 0.60
20.00 0.85
25.00 1.00
30.00 1.10
40oO0 9.25
45.00 .45
55.00 1.60
65.00 t.*5
75.00 l.80
85.00 1.95

EVAPORATION BY WT 61.
EVAPORATION APPARENT 59.
RATE 1.54
CONFIDENCE LIMITS 0.34
INTERCEPT -0.18

CSLOPE 26.
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ORYING RATE DATA

RUN 140
TEMP 170

PRESSURE19
TOTAL TIME 60

WEIGHT IN 3.20

MEASURED LOSS 175

TIME WT LOSS

5.00 0.35
15.00 1.00

20.00 1.20
25.00 1.40
30.00 1.60
35.00 1.70
40.00 t.75
45.00 1.75
55.00 1.75
60.00 1.75

EVAPORATION BY WT 64.
EVAPORATION APPARENT 55.
RATE 1.65
CONFIDENCE LIMITS 0.66
INTERCEPT 0.13
CSLOPE *4.
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I!I

DRYING RATE DATA ;i

Ii
TEP 150

TBTAL TIME 105
WEIGHT IN 3.0q
WelI -I oUt 1.18
MEASUKED LOSS 1.95

TIME WT LNSS

10.00 0.48
12.00 0.62
15.00 0.75

20.00 1.00
22.00 1.10
2S.00 1.20
27.00 1.30
30.00 :.33
35.00 1.50
40.00 1.60
45.00 1.67
55.00 105 .
65.00 1.95
85.00 1.95

105.00 1.95

EVAPQRATIMN BY WT 62.
EVAPBRATIgN APPARENT 63.
RATE 1.55

C LIAITS 0. 16INTERCEPT 0.03

CSLfPE 39.

1230
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DRYING RATE DATA

kUN i43

TIME WT' LOSS

2.00 0.25
4.00 0.45

7.00 0.5
12.00 0.80
17.00 1.15
22.00 1.25
27.00 1.45
32.00 1.55
37.00 1.60
42.00 1.70
47.00 1.80
52.00 .85
67.00 1.90
82.00 190

92.00 1.90

EVAPORATION BY WT 63.
EVAPORATION APPARENT 61.
RATE 1.82
CONFIDENCE LIMITS 0.40
INTERCEPT 0.17
CSLOPE 37.
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DRYING RATE DATA

RUN 144
TEMP ISO
PRESSURE 8
TWVAL TIRE go

WEIGHT IN 3.02
WEIGHT OUT 1.12

AESUREO -SSt.T

TIME WT LOSS

9.00 0.25
10.00 0.32
12.00 0.42
14.00 0.50
16,00 0.60
19.00 0.75
63.00 100
27.00 1.05
33.00 3.25
38.00 1.40
4.00 .52
51.00 1.60
56.00 1.65
63.00 1.70
72,00 1.70
80.00 1.70

EVAPORATION BY WT 63.
EVAPORATIEN APPARENT 56.
RATE 1.55

CN WIDENCE LUMI15 0.20
INTERCEPT -0.15
CSLIPE 35.
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DRYING RATE DATA I
TEI4? 150
PRESSURE 30
TGTAL 71RE ::5
WEIGHT IN 3.00
WEIGHT OUT 1.16
HE&SURED LiSS io6a

TIME WT LOSS

5.00 0.25
6.00 0.30
8.00 0.42
11.00 0.50
14.00 0.66

I .O " 0.85

20.00 0.98
23.00 1.05
26.00 1.15
35.00 1.35
38.00 1.40
45.00 1.50
49.00 1.55
53.00 1.60
57.00 1.65
62.00 1.68
74.00 1.68
81.00 1.68

115.00 1.68

EVAPORATION BY 61.
EVAPORATION APPARENT 56.
RATE . .47............_ _--

CONFIDENCE LIMITS 0.11
INTERCEPT 0.04
CSLBPE 38.

131



iI
'i

ORYING RATE DATA

RUN 147
TEMP 150
PRESSURE 20
TBTAL TIME 102

WEIGHT OUT 1.25
MEASURED LeSS 1.90

TIME WT LOSS

3.00 0.25
8.00 0.50
10.00 0.60
14.00 0.75
18.00 0.95
23.00 1.15
29.00 1.35
33.00 1.45
37.00 1.50
44.00 1,65
49.00 l.70
53.00 1.80
6i.00 1.85
82.C0 1.90
93.00 1.90
98.00 1.90 . ..

102.00 ,.90

EVAPORATION BY WT 61.
EVAPfRATION APPARENT 59.
RATE 1.43
CONFIDENCE LIMITS 0.14
INTERCEPT 0.12
CSLOPE 30.
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DRYING RATE DATA

RUN 156
TEMP f50
PRESSURE 15
TOTAL TIME I01

WEIGHT IN 3.20

WEIGHT OUT 1.24
MEASUREU LOSS 1.75

TIME WT LOSS

13.00 0.50

16.00 0.60
18.00 0.70
20.00 0.84
24.00 1.00
28.00 1.10
31.00 1.20
36.00 1.30

4t.00 1440
48.00 1.55
52.00 1.55
60.00 1.65
65.00 1.68I3.00 1.75
86.00 1.75
91.00 1.75

101,00 1.75

EVAPORATION BY WT 61.
EVAPORATIGN APPARENT 55.
RATE !.13
COFIDENCE LIMITS 0.19
INTERCEPT 0.06
CSLSPE 41.
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DRYING RATE DATA

I

;RUN 157
TEMP ISO

YTGTAL T TME 89
-WEIGHT IN 2690

MEASURED LOSS 180

TIME WT LISS __

3.CU 0.13
4.00 0.15
5.00 0.23
8.00 0.35
33.00 0.60
14.00 oses

53.00 1.021000 1 03

43*00 1.70
53e00 1.80
64000 1080

1.00 1.80

• EVAPORATION BY WT 63.
EVAPORATI0N APPARENT 62.
RATE 2.08
CONFIDENCE LIMITS 0.26
INTERCEPT -0.07
CSLvPE 39.
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DRyING RATE DATA

RUN Ise

TEMP 150

PRESSURE

TOTAL TIME 80
WEIGHT I' 3.04
WEIGHT OUT 1.20
MEASUkEU LOSS 1.70

TINE WT LOSS

5.00 0.12
7.00 0.23
10.00 0.45
12.00 0.60
15.00 0.75
17.00 0.90
20.00 1.00
23a00 1.05
28.00 1.15
35.00 1.35
40.00 1.40
45.00 1.50
50.00 1.60
55.00 1.65
60.00 1.70
65.00 i.70
70.00 1.70
80.00 1.70

/

EVAPORATION BY WT 61.
EVAPORATION APPARENT 56.
RATE 2.05
CINFIDENCE LIMITS 0.22
INTERCEPT -0.17
CSL6PE 33.
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DRYING RATE DATA

RUN 59

TEMP 150
PRESSURE Is
TOTAL TIME 65

WEIGHT IN 3.17
V jE!BHT OUT 1.09

MEASURED LOS$ S.92

I
TIME WT LOSS

6.00 0.50
8.00 0.63
10600 0.70
14.00 1.00
20.00 1.20

24.00 1.40
27.00 1 .50
33.00 1.65
37.00 1.85
45.00 1.9Z
50.00 1.92 1
60.00 1.92
85.00 1.92

EVAPORATION BY WT 66.

EVAPORATION APPARENT 61.RATE 1.,56

CONFIDENCE LIMITS 0.25

INTERCEPT 0.23

CSLfPE 44.
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DRYING RATE DATA

RUN 160
TEMP 150
PkESSUkE 15
TOTAL TIME 105
WEIGHT IN 3.10
WEIGHT OUT 1.00
MEASURED LBSS 1.92

TIME WT LOSS

3a00 0010
5.00 0.22
6.00 0.30
9.00 0.40
10.00 0.45
13.00 0.65
15.00 0.78
17.00 0.95
22.00 1.15
25.00 1.30
30.00 1.0
36s00 1*65
42,oo 1.68
50.00 1*70

55.00 1.85
60.00 1.9870,00 1088
80.00 1#92

105.00 1.92

EVAPORATION BY WT 6o8
EVAPORATION APPARENT 62.
RATE 1.79
CONFIDENCE LIMITS 0.12
INTERCEPT -0.06
CSLOPE 42.
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DAlY1NO RATE DATA

AUN I

TEMP 120
LPiiESSUE 

10

TOTAL TIME I 5

WEIGHT INi 2.70
CV.7 MTUT 0.70

,ASURED LISS 1,75

I TIME WT LGSS

&.00 0.02
5.00 0.20
7.00 0.32

,0.00 0.50
14.00 0.62
16.00 0.85
20.00 0.92

25.00 1.20
31.00 1*30

45.00 1.45
55.00 1.70
75.00 1.75

IVAPIRATINN BY WT 74o
EVAPIRATION APPARENT 65.

RATE 1.87

CNNFIDENCE LISITS 0.22

INTERCEPT -0.04

CSLOPE 44.

|$
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DRYING RATE DATA

RUN IETEMP 120
KfESSURE Is5

TOTAL TIME 90
WEIGHT IN 2.70
!E-ST OUT

MEASURED LOSS 1.55I.
TIME WT LOSS

5.00 0.05
7.00 0.22

10.00 0.40
13.00 0.65
18.00 0.85
22.00 1.14
30.00 1.15
37.00 1.30
47.00 1.645
54.00 1.55
75.00 1.55
90.00 1.55

EVAPORATION BY WT 7t.
EVAPORATION APPARENT 57.
RATE 2.30
CONFIDENCE LIMITS 0.31
INTERCEPT -0.22
CSLOPE 42.
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DRYING RATE DATA 1
kUN 1566

PRESSURE i5
TITAL TIME 85

I;UWiT OUT f.00
MEASURED LOSS 1.53

TIME WT LOSS

3,00 0.07
5.00 0.20
7.00 0.30

/. 0.00 0.45
13600 0.58

17.00 0.95-
20.00 1.00
25.00 1.15
28.00 1.30
32.00 1.32
42.00 1.46
45.00 1.50
55.00 1.50
-8.00 1.53
75.00 1.53
85.00 1.53

EVAPiRAT1IN Y T 63.
EVAPORATION APPARENT 57.
RATE 1. 84 I
CONFIDENCE L1MITS 0.23
INTERCEPT -0.04
CSLtlPE 46.
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,;Now

I )ESI h CONCEPT AND ESTIMATED COST OF FREEZE DRYING Y LPC

Thia wark was done by flC Corporation for its own information and at its own
expense, The objective was to assume an optimistic design and favorable

VW#' & agoi Uaid QU the available dats and from tere to estimate
*the ptu-iblc cat of fv~zz drying oin a laigo saa6 by LPCS, The LPCS proces

flaow sheet presents a concept which should work and which should represent a

VA The attached caloUations give the essential information frm which the poset
of 4.74 p r pound of waiter evaporated was calculated. ThAs coat, to whiph
suat be added costs for frozen food etorage, buildings, packaging, a sito,
and certain utilities is believed to represent some saving over an eq'.dvflent
installation for vacuum freeze drying, but not enough to pmsently justify the
restricted scope of possible foods and the complication' of using the carrier
vapor*

A-V-I



PROCESS CALCULATIONS

Ba is 2,000 #/hr of water e,'aporated

Cavier flow heptani In at 1300F, out at 40O0 with 20c of reheat in between

P in 10 mm Ug out 4 = Hg (total)

Focd 80% moisture, 25 i/ft 3 , particulate

PH20 iii approximately 0; PH20 out approximately I Hg

Carrier Flow

To remove water at 3 moles hoptane/mole 120 evap.

To supply heat AH H20 (solid 100 goes to vapor 40- U 1233 BTU/#

&H huptane 1300 - 400 + 200 (.40 BTU/#OF) (130 - 40 + 20) OF 44 BTU/0

Per H20 evaporated 1233 280 heptane circulated

Or 28/100 a 5.05 moles heptane/mole H20 evap.

Therefore this much heptane will carry water away.

Total carrier flow 2,000 (281 a 56 103 9/hr

B~d Area and Volumel Contact rr

Bed area - for 2 passes at 137# heptane/ft 2 
- hr for each pus

(Flow calculated to give pressure drop specified),
Area 56 103 0/hr- past 410 ft 2 /pans or 820 ft 2 total,

137 IM - M eaca pass

Bed volume if cylindrical, 6" thick and area at average diameter 820 ft 2

Volme = (820) (1/2) = 410 ft 3 total

Contact time$ total:

2,000 9 H20/hr 100 ft 3 £Ec-/hr
(.90 1 H1-2010 feed) (25 Vifit

Time a 4.1 hours total

Hake bed a vertical cylinder, 20 ft high.

A-V-2
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; I

- !U
V , (D0o -Dj) 2 h

D 0 + DL g 2 Do 4V •4 (410) -26.1 ft.

*~ad M tr Do 27,1 1360 -fU is

Condenser Duty

V~por at 40OF goes to liquid and solid at O°F

M H20 1,6238 B1U/# H20

AN haptane a 185 BTU/#

Q/9 H20 a 1,238 + 28 (185) * 6,357 BTU/# H20 (use 6,500 BTU/#H20 evap)

Q total a 6j500 (2,000) * 13 106 BTU/hr w 1,080 t=a of refrigezation

Coadenser at 00; refrigerant at -250

Overall heat transfer coefficient fort

Vapor co:den ing outside
Calci m chloride solution film £

Boiling liquid Lnide

U estimated at 100 BTUihr ft2 OF (Perry pg, 4681)

Cpadenser Surface (stainless) I

A ! ,13 106 5.2 103 ft 2

N 2 (10o) 1

1" -14 gat tube, 20,000 ft,

Wt. • 27,000 E

Ma3



LPCS COSTS - KAJOR EQ ET

Condensers 27rOO0 pounds (0) stainle steel (S, S.) at 62.00 $54,000

Brine HX, 6,800# So So at 02,00 13,600

brinc Evaporator, 2#500# So S, at $2,00 5900

Haptra Heater - A onia Cooler, 11,7000 mild steel (M, So) at $,75 80800

M.Heptans Vaporizer# 5#500# M, So at $,75 40200

Drier - Heater, 36300# M. S. at $.75 20500

Baskets 116600# S1 S. at $2.00 23,200

ShTido 3,800 So So at $2.00 7,600

Rotating Drive 2,000

Shells 709000# M, So at $.75 52,500

Lack Hoppers, 2 each 31O000# at $.75 41600

Deater, 61000# at $2,00 12,000

L? Receiver, 610000 at $075 4$500

Rotary Valvess 10", 4 each at $3,000 12,000

Haptane Filter 16000

Pumps, brine| haptane, w~aonia, 3 each at $2j000 61000

E.levator 159000

Vacuum Pump 5#000

Boilers 15,000#/hr + water treatment 25#000

BaromCtrTc Condenser 1R000

Total 259,500

A-V-4
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Maj crr ,uipment t259,500 20500 Man

Structure 30,000 600 ai|
Xxrwua ad Coaita"1 17,600 2,000

Piping and Valve* 20,000 5,000

Ploatfoos 6,000 300

Insulation 18,000 S/C

Electrical (exploslon proof) 20,000 3,000

Foundations 5,000 1,000

Building, 1,000 ft2 at 159000 15,000 S/C 4

Paving and Drainage, Site preparatic 9OO00 S/C

Paintinz 3 000 00i~ 1.000300

Total Equipment $402,000 l5,1400 1
Construction Labor at $3,50 plus 50 burden $ 81,000

Construction Supplies, Equipment 25,00o

EilnarLn, (at 15% equipm4at) 72,500

Pjocurement 150000

Refrigeration estimated by Levis Refrigera-
tion Coo for 1,080 Tons 600,000

Total Capital Cost $1,195,500

Not Included

Electrical Sub Station
Site
r ozen Food Storage
Packaging
Product Storage
Carrier Purification Equipment

A-V-5
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LPC$ UNIT COST

Daeist 2,0000 H20 evaporation/hr
7,200 how'a operationiyar

Fixed Charges, (.20) 1.2 (10)6/7.2 103 $33,33/hr

Power, 2,200 KV at $,012 26,40

Steam, 13,500#/hr at 61,00/1,0000 13.50

Labor, 2 sen at $5.00 10.00

Overhead, 100% labor 10,00

Total $93.23/hr

Or 93.23 4 4,66 0/# of H20 evaporatLon

A-V-6
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i

LPCS OPEATN COSTS i

FstJimifd by Lewis Refigration Co,, 2,200 KW total load,

!, I• Lmbar, 2 =at at $s5,.''..'-,!

a vzrhfzd, 100% of labor

Stem, Evaporator, 2,3005/hi'

Udiant Hleater
q a 56 103 (*43) 20 a 483,000 BTU/hr
Steam a 483$000/924 a 520f/hr

Use 600/hr I.
Total, 1305009/hr at $1600/1#0000

rixed Chargei nte e t 6%
Depreciation 10
Maintenance 2
Taxes and Inur'ance 2-

Total 20%/yarw

A-V-7
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